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From reviews of the first edition:

. . . It is a tribute to the editors of this book, and the con-
tributors they have selected, that they have managed to
produce a book of enormous quality on the science of
resuscitation medicine. The Lancet

The excellent book, the first of its kind in the field of cardiac
arrest, provides a balance of theoretical and clinical infor-
mation. It achieves a level of authority and sophistication
well beyond that of the advanced cardiac life support
guidelines and will be of considerable use to all those prac-
ticing or teaching clinical resuscitation.

The New England Journal of Medicine

The book has virtually everything one would ever want to
know about the causes of cardiac arrest, the applied phys-
iology, and its treatment. Physicians and nurses involved in
the management of critically ill or injured patients should
have Cardiac Arrest in their personal libraries for ready ref-
erence. Resuscitation
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Foreword

Myron L. Weisfeldt, M.D.

This monograph on cardiac resuscitation medicine is the
standard reference in the field. This Second Edition a
decade later presents an entirely changed and dynamic
field. Advances in resuscitative medicine encompass the
basic science understanding of physiology and pathophys-
iology as well as advances in understanding of the causal
mechanisms involved in successful or non-successful
resuscitation. There are new programs and approaches at
a practical and real-world level that improve survival and
the quality of survival from cardiac arrest. I would maintain
that these prerequisites relate to the need for this updated
monograph. It is important that this text be acquired and
used by providers of emergency cardiac care in both the
out-of-hospital and in-hospital settings. It will be of value
universally in the emergency departments. Clinical inves-
tigators will find this text of tremendous value when pur-
suing the improvement of survival from cardiac arrest, as
well as laboratory-based clinical investigators attempting
to identify and justify approaches to improving the
outcome of cardiac arrest. As the underlying science of
resuscitation deepens, basic scientists will value these
state-of-the-art discussions. Resuscitation Science has
broadened the focus from mechanics to reperfusion injury,
post-resuscitation inflammation and programmed cell
death.

To substantiate my statements about this update and its
value to the medical and resuscitative community, I have
identified what I consider to be the eight major advances
in resuscitative medicine over the last decade.
1. The advent of inexpensive, easy-to-use Automatic

External Defibrillators (AEDs) for use by the lay public.
Ten years ago, industry was just beginning to produce
these revolutionary devices. The FDA considered use of
these AEDs by other than physicians, nurses and
trained Emergency Medical Technicians (EMTs) as
“illegal,” off label, over-the-counter use of an approved
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device. Ten years ago, only one or two states referred to
defibrillation as being covered by the Good Samaritan
law. Now all states consider such resuscitative efforts by
members of the lay public to be encompassed by the
Good Samaritan statutes. Ten years ago there were no
convincing data that AEDs are effective in improving
the outcome of resuscitation. Perhaps the most remark-
able result was in the casinos of Las Vegas where Terry
Valenzuela and his colleagues measured time from col-
lapse to defibrillation precisely (on video cameras).
Security guards could defibrillate with an average time
of 4.4 minutes and survival of 59% in 90 subjects. If
defibrillation was performed within 3 minutes (n�20),
survival was over 70%. As well, in the Public Access
Defibrillation study (PAD), we now have data to support
the value of the AEDs in the public arenas when added
to CPR instruction. Ten years ago we had no conscien-
tious programs to implement AEDs in full public view in
airports and other transportation facilities, on-board
airlines, in exercise facilities, or recently by government
mandate in large public buildings. Although these pro-
grams clearly have had little impact on the overall
public health survival rate from cardiac arrest, they
have produced some of the most rewarding survivals
because of the promptness of resuscitation and the
clear ability of those resuscitated very quickly to recover
fully and rapidly.

2. Change in the characteristics of the population suffering
cardiac arrest. Ten years ago, broad population studies
showing that 70% or so of people suffering cardiac
arrest have ventricular fibrillation (or ventricular tachy-
cardia) as the first documented electrocardiographic
rhythm. Now, multiple large population studies note
that 20% to 30% of those suffering a cardiac arrest have
ventricular tachycardia (VT) or ventricular fibrillation
(VF) as their initial rhythm. The majority now have an
absence of electrical activity, or occasionally will have
electromechanical dissociation. The reason for this
major change, one can only speculate. One possibility is
that, in fact, modern drug treatment of coronary
disease and heart failure combined with implantation
of automatic defibrillators in their target population
has led to this change. For survivors of cardiac arrest
caused by ventricular tachycardia or fibrillation,
implantation of defibrillators has provided an increas-
ing standard of care. This is also true for patients with
congenitally inherited causes of sudden death, and
many individuals with reduced left ventricular function
due to previous myocardial infarction or cardiomyopa-
thy. It is possible that we are implanting defibrillators
currently at sufficient rate to have an impact in the

United States on the overall public health’s incidence of
cardiac arrest from these arrhythmias. Drug and proce-
dural treatment strategies for chronic coronary disease
and heart failure may also be impacting on the inci-
dence of sudden death from VT/VF. It is very clear that,
in these broad populations, beta-blocking agents as
well as angiotensin II receptor blockers, and anti-
platelet drugs (for coronary disease), and aldosterone
antagonist improve survival from these chronic cardiac
states. It is less clear that they reduce the incidence of
sudden death particularly sudden death from VF or VT.
That is a likely possibility. A final speculation is that
cardiac arrest in advanced age is more likely not VT/VF.
With the striking decline in age-adjusted mortality from
cardiovascular disease, we have less incidence of death
and perhaps less sudden death from VT/VF in younger
individuals on a population basis. 

This change in the initial arrhythmia has a number of
significant impacts. First, survival of this group of
patients who do not have VT/VF is much lower and we
know little about what are effective ways of resuscitat-
ing this population. We also know less about the long-
term management and care of these patients that may
result in their survival since it is likely that placing auto-
matic implantable defibrillators in these patients will
not improve their long-term outcome even if they
survive their initial arrest. These, and a whole host of
other theoretical and practical problems, emanate from
this change in population suffering cardiac arrest.

3. In recent years there has been recognition of the need
to extend animal data on CPR performance and
effectiveness from the laboratory into the clinical arena. It
is very clear from animal studies that all interruptions of
chest compressions are detrimental to the hemodynam-
ics of CPR, particularly coronary blood flow. It has long
been recognized that indices of coronary blood flow are
very closely related to human survival. Interruptions
from repeated looks at the electrocardiogram, multiple
defibrillation attempts, or procedures such as inefficient
intubation, have been minimized on the basis of these
data. In addition, it has been demonstrated in animal
models very convincingly that hyperventilation or even
“usual” ventilation during resuscitation is too much ven-
tilation and is detrimental. Related to these issues, per-
formance of cardiopulmonary resuscitation in the
real-world situation, both in the hospital by healthcare
professionals and out-of-the hospital by EMTs, is char-
acterized by multiple, prolonged and repeated interrupts
of chest compression and hyperventilation. Monitoring
systems, feedback systems, and other systems for con-
trolling or at least documenting the way resuscitation is

xxviii Foreword



performed, are beginning to change the policies and
practices of CPR performance. It is very clear that, from
point “2” above, we come to the realization that in 70% of
arrest in which the initial electrocardiogram is not VT/VF,
it is only the quality of CPR and its performance that can
lead to return of spontaneous circulation and ultimately
the possibility of survival.

4. In VT/VF Arrest, Dr. Lance Becker and I proposed a three-
phase model to integrate and characterize specifically
the time relationships of the value of rapid defibrillation,
the performance of cardiopulmonary resuscitation, and
the need for other measures focused on the metabolic
factors that decrease survival after prolonged cardiac
arrest. Phase 1 of the three-phase model identifies the
first 4 or 5 minutes as a time when initial defibrillation
has a remarkable survival benefit. It next identifies that
between 4 minutes and 10 minutes, optimal survival is
very poor if there is no CPR performed. Shock at this
time may be detrimental in addition to the time wasted.
During Phase 2 from 4 to 10 minutes after arrest, it may
be critical to perform cardiopulmonary resuscitation to
achieve even a 20–30% survival rate. Finally in Phase 3,
after 10 minutes without resuscitation, the model iden-
tifies the possibility that drugs and pharmacological
agents as well as subsequent treatment strategies such
as hypothermia may be required to reach reasonable
survival. 

5. We are beginning to see devices that may improve perfu-
sion during cardiopulmonary resuscitation and thus
may improve survival. It is understood that the hemo-
dynamics of CPR are not excellent with regard to restor-
ing and maintaining brain and particularly myocardial
blood flow. Fluctuating intra-thoracic pressure to a
greater degree (both positive during compression or the
“systolic” phase of the CPR cycle and increasing nega-
tive intra-thoracic pressure during the “diastolic”
phase) in animal models seems to show very convinc-
ing benefit in improving blood flow as well as animal
survival. There are initial studies in man suggesting
favorable hemodynamic changes occur. To date, the
vest-like devices that increase intra-thoracic pressure
during the systolic phase are cumbersome. Motivation
to use devices is important. There have been variable
results in humans – none that are convincing. A small
airway valve device that decreases intra-thoracic pres-
sure between compression cycles improves blood flow
in animals and humans. This device is associated with
improved short-term survival and we await larger
studies which are ongoing to see whether this device
will improve long-term and meaningful survival.

6. Moderate hypothermia may be useful in patients who

after out-of-hospital cardiac arrest have not awakened
when they reach the emergency department. Two studies
appear to show benefit of 12 to 24 hours of 32 ° to 33 °C,
hypothermia in terms of improving survival and brain
function following such episodes of out-of-hospital
cardiac arrest. This benefit has been accepted in AHA
guidelines, but is not accepted by the FDA. Much is hap-
pening in the experimental arena to develop devices
that induces easy controllable hypothermia. There are
initial studies to potentially bring hypothermia earlier
in the course of resuscitation. Again, animal studies
suggest that broad implementation of early hypother-
mia after cardiac arrest may improve survival remark-
ably.

7. Registry-based information on in-hospital and out-of-
hospital CPR. Detailed performance data with results
are now available for thousands of in-hospital resusci-
tations. There are also increasing numbers of epidemi-
ological studies and other out-of-hospital registry
studies that have identified correlates of survival from
cardiac arrest as related to resuscitation strategies,
maneuvers and approaches. We are beginning to define
“best” practices and (if you will) the “worst” practices.

8. There is a new horizon of technology that will certainly
impact on resuscitation This technology revolution I
predict will include patient sensors that identify futility
of cardiac resuscitation. Diagnosis of death is inade-
quately made in many individuals with current clinical
criteria. Perhaps more importantly, we will use sensors
that will identify patient status from the point of view of
metabolism blood flow and oxygen delivery. They will
provide an assessment of the current status of the
patient and/or what the resuscitative maneuvers have
accomplished. This type of information will dictate care
patterns and strategies to improve survival from the
point of view of drug administration as well as device
and hemodynamic strategies. The strategies are likely to
be complex and therefore it is highly likely that devices
will integrate the clinical status of the patient with the
information obtained with sensors into a care and man-
agement. These will emerge particularly as metabolic
phase markers lead to specific therapeutic strategies.
Information will likely be used at the scene and in the
emergency department that is ultimately going to
receive the patient. Similar devices and approaches will
almost certainly change in-hospital and ED manage-
ment of the arrest occurring in that circumstance. 

9. In summary, this new volume on the science and prac-
tice of resuscitative medicine is extraordinarily timely.
The depth and breadth of new material and chapters
are remarkable and valuable. The new authors include
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the current generation of the most contributory and
thoughtful leaders of the field. The text should be
embraced by a broad and deep audience of those inter-
ested in this exciting and forward-moving field and

branch of medicine. The worldwide authorship
reflects the fact that sudden death is a worldwide
problem that is increasingly gaining true worldwide
attention! 

July 12, 2006
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Preface to the first edition

O, that I could but call these dead to life!

King Henry VI

William Shakespeare

There is a no more frightening experience for a clinician
than a patient’s sudden and complete loss of vital signs.
The need to initiate multiple complex therapies, all the
while knowing that each minute that passes dramatically
decreases the chances for a good outcome, makes sudden
death the penultimate medical emergency.

Premature death is the adversary of physicians. For mil-
lennia, the loss of life signs was considered the victory of
death. Students were taught that once patients had suc-
cumbed they were beyond the healing arts. Only relatively
recently have physicians regularly attempted to wrest such
patients back from death.

Accurate numbers are difficult to obtain. It is said that
more than 300,000 persons die each year from sudden
cardiac death in the United States alone. Worldwide the
figure is in the millions. Sudden death is not, however,
caused by coronary artery disease alone. Hemorrhage and
asphyxiation, among others, can kill physiologically com-
petent patients without warning. Sudden death is not
defined by etiology; it is the circumstance of cardiopul-
monary arrest in a person with functional vital organ
systems. It is death in the midst of life, and it is always
tragic.

We are just beginning to appreciate the magnitude of
this problem and the potential for therapy. Just a 5%
improvement in outcome – something that could be
achieved in many communities by better application of
standard care – would save more lives than therapies that
have received far more attention. The potential for good is
astounding; the relationship of cost to benefit compelling.

Sudden cardiopulmonary arrest is the most difficult
disease state to treat. Remarkable improvement in the



quality of care has been achieved in a relatively short time
by the American Heart Association’s and the European
Resuscitation Council’s guidelines to therapy. Their efforts
define the standard; this text is an attempt to delineate
state-of-the-art. Our efforts are complementary. One
cannot hope to individualize therapy to the patient’s
benefit without excellent basic care, and international
consensus provides this basis.

Our difficulty in treating cardiopulmonary arrest reflects
a limited understanding of the pathophysiology of global
ischemia and reperfusion. Physicians are naturally
uncomfortable in using therapies that are poorly under-
stood and that have not been clearly demonstrated effect-
ive. However, these patients do not allow us the luxury of
waiting for more definite knowledge. We must apply all our
skill and limited knowledge immediately if persons with
“hearts and brains too good to die” are not to be lost
forever.

This text is for clinicians who wish to practice both the
science and the art of resuscitation. Every physician will at
some time attempt to resuscitate a patient from sudden
death, but few will have had the opportunity to learn from
teachers dedicated to this skill. That is the purpose of this
book. In each chapter, a recognized authority has been
asked not only to review present knowledge, but also to
describe the state of their art. Cardiac arrest patients do not
have the luxury of seeking out experts. You must bring that
expertise to the bed or curb side.

This is intended to be a comprehensive text incorporat-

ing critical analysis of material not readily available else-
where. The text begins with chapters that place our current
knowledge into context, describing the magnitude of the
problem. The next two sections describe the basic science
of ischemia and reperfusion at the cellular, organ system,
and organismal levels and the pathophysiology of cardio-
pulmonary arrest and resuscitation. The fourth and fifth
sections focus on state-of-the-art therapy for cardiopul-
monary arrest, first without respect to etiology and then
under specific circumstances. Contributors were asked to
provide insights that complement widely disseminated
guidelines. The sixth section focuses on the pathophysiol-
ogy and therapy of postresuscitation syndrome, a complex
disease state that is increasingly believed to underlie the
morbidity and death following resuscitation. The therapy
sections conclude with summaries intended to bring
together concepts discussed throughout the chapters on
cardiopulmonary resuscitation and postreperfusion syn-
drome.

We are at the beginning of what will be a rapid expansion
in our knowledge of the pathophysiology and therapy of
sudden death, global ischemia, and reperfusion injury.
This text is intended not only to reflect the field, but also to
affect it. We hope to convince the reader that there is art
even in the management of this, the most dire medical
emergency. “Life is short and the art is long.” Considering
the millions of lives that are cut short and the limits of our
knowledge, the art must be very long indeed.

The Editors
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Preface to the second edition

O, that I could but call these dead to life!

King Henry VI

William Shakespeare

Death in the midst of life is the adversary of physicians. For
millennia the loss of signs of life was considered the victory
of death. Students were taught, and people believed, that
once patients had succumbed they were beyond the
healing arts. On a historical time frame, only relatively
recently have physicians regularly attempted to wrest such
patients back from death. We believe that the second
edition of this text represents yet another step in resuscita-
tive medicine’s coming of age.

There is a no more frightening experience for clinicians
than a patient’s sudden loss of vital signs. The need to ini-
tiate multiple complex therapies, knowing that each
minute that passes dramatically decreases the chances for
a good outcome, makes sudden death the penultimate
medical emergency.

It is difficult to obtain accurate numbers, but it is said
that more than 300 000 persons die each year from sudden
cardiac death in the United States alone. Worldwide the
number is in the millions. Sudden death is not, however,
caused by coronary artery disease alone. Hemorrhage and
asphyxiation, among others, can kill physiologically com-
petent patients without warning. Sudden death is not
defined by etiology, but rather by the setting in which it
occurs in a person with functional vital organ systems. It is
not the natural ending of life, but death in the midst of life,
and it is always tragic.

We are just beginning to appreciate the magnitude of
this problem and the potential for therapy. Even a small
improvement in outcomes of these patients – something
that could be achieved in many communities by better
application of established interventions-would save more
lives than therapies that have received far more attention.



The potential for good is astounding; the relationship of
benefit to cost for some interventions is compelling.

If we acknowledge that sudden cardiopulmonary arrest
may be among the most difficult conditions that confront
rescuers, then remarkable improvement in the standard-
ization of care has been achieved in a relatively short time
through the efforts of national organizations which have
developed evidence-based guidelines for resuscitative
therapy. Their efforts have defined the current standard.
This text is an attempt to disseminate the state-of-the-art.
We believe that these efforts are complementary, as one
cannot hope to enhance therapy to the patient’s benefit
without international consensus on excellent basic care.

Remarkable progress has been made since the first
edition. It has become clear that the treatment of lost
hemodynamics is optimized by good and uninterrupted
chest compression. A number of studies now indicate that
simply removing interruptions can dramatically improve
the rate of return of spontaneous circulation. At the same
time, it appears that the application of mild hypothermia
initiated after restoration of circulation can improve the
neurologic outcome of cardiac arrest patients to a degree
unanticipated only a few years ago. The combination of the
improved chest compression and mild hypothermia has
led to preliminary reports of intact survival in more than
50% of patients suffering out-of-hospital sudden death. We
must admit that, even as enthusiasts of resuscitation med-
icine, we did not dream that improvements of this magni-
tude would occur for decades to come. Confirmation of
this improvement in well-controlled clinical trials would
mark an important event in medical history.

Our continued difficulty in treating cardiopulmonary
arrest reflects ongoing limitations in our understanding of
the pathophysiology of global ischemia and reperfusion.
Yet the past few years have seen remarkable progress.
Better understanding of the reperfusion event, reflected in
delineation of phenomena such as programmed cell
death, and the genomic and proteomic patterns during
reperfusion, can only lead to even greater improvements in
outcome. But we really do not understand fully the patho-
logical processes that are taking place in these patients,
and physicians are naturally uncomfortable in using ther-
apies that are not fully understood and have not been
clearly demonstrated to be effective. Nonetheless, the pre-
carious status of these patients does not allow us the luxury
of waiting for more definitive knowledge. We must apply all
our skills, and our limited knowledge, immediately if
persons with “hearts and brains too good to die” are not to
be lost forever.

This text is for clinicians who wish to practice both
the science and the art of resuscitation medicine. Every

physician will at some time attempt to resuscitate a
patient from sudden death, but few will have had the
opportunity to learn from teachers dedicated to this skill.
That, ultimately, is the purpose of this book. In each
chapter, recognized authorities have been asked to review
present knowledge, and describe the state of their art.
Cardiac arrest patients do not have the luxury of seeking
out experts. They must rely on the basic knowledge of all
physicians.

This is intended to be a comprehensive text incorporat-
ing critical analysis of material not readily available else-
where. The text begins with chapters that place our current
knowledge into context, describing the magnitude of the
problem. The next sections describe the basic science of
ischemia and reperfusion at the cellular, organ system, and
organismal levels and the pathophysiology of cardiopul-
monary arrest and resuscitation. The final sections focus
on state-of-the-art therapy for cardiopulmonary arrest,
first without respect to etiology and then under specific cir-
cumstances. Contributors were asked to provide insights
that complement widely disseminated guidelines. The last
section focuses on the pathophysiology and therapy of
postresuscitation syndrome, a complex disease state that
underlies much of the morbidity and death in these
patients.

The last few years have seen acceleration in publications
related to resuscitation. We may be at the end of the begin-
ning of what may be looked back upon as a rapid expan-
sion in our knowledge of sudden death, global ischemia,
and reperfusion injury. We hope that the second edition of
the text not only accurately reflects the field, but provides
a foundation upon which it may advance.

The Editors
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For much of recorded history, humans have viewed death
as irreversible. For religious and scientific reasons it was
considered impossible, or even blasphemous, to attempt
to reverse death. It was not until the latter part of the eight-
eenth century that humans began to believe that resusci-
tation was possible. Another 200 years passed before the
skills for resuscitation were developed to a degree that
made the reversibility of cardiac arrest a practical reality in
the 1960s. Many important observations and much real
progress had nevertheless been made during the interven-
ing years. But the clinical problems were poorly under-
stood, the implications of new discoveries were not always
appreciated, single components of life-saving were
attempted in isolation, procedures that were potentially
effective were often displaced by those of no value, and
suitable technology was lacking. Resuscitation had to
await its time. Nevertheless, its history is of interest and has
important lessons for us today.

The earliest years

The first written account of a resuscitation attempt is that
of Elijah the prophet. The story in the Bible tells of a grief-
stricken mother who brought her lifeless child to Elijah and
begged for help. Elijah stretched himself upon the child
three times and, with the assistance of God, brought the
child back to life. An even more detailed account of a resus-
citation attempt is that of the prophet Elisha, a disciple of
Elijah. The child of a Shunemite couple whom Elisha had
befriended suffered from a severe headache. He cried out,
“Oh, my head, my head!” and collapsed. Was this a sub-
arachnoid bleed? The Bible gives no further clues. The boy

died several hours later. The frantic mother found Elisha
who entered the house and:

. . . placed himself over the child. He put his mouth on his mouth,

his eyes on his eyes, and his hands on his hands, as he bent over

him. And the body of the child became warm. He stepped down,

walked once up and down the room, then mounted and bent over

him. Thereupon, the boy sneezed seven times, and the boy opened

his eyes.

Some authorities speculate that the weight of Elisha com-
pressed the child’s chest and that Elisha’s beard tickled the
child’s nose and caused subsequent sneezing! Perhaps this
is the origin of the phrase “God bless you” following a
sneeze.1

From biblical times until the Middle Ages, several
people stand out in the quest to reverse sudden death.
Among these is Galen (AD 130 to 200), who lived in Greece.
His writings – more than 22 volumes – influenced medi-
cine for the next 1300 years: until the sixteenth century he
was considered the final authority on all matters related to
health and disease. His experiments, conducted mostly on
pigs and monkeys (human vivisection was taboo!), consti-
tuted a fund of anatomical and physiological knowledge.
Throughout the Middle Ages, there could be no diver-
gence from the “truth of Galen” – however wrong he may
have been in some of his writings.2 Galen taught that the
innate heat of life was produced in the furnace of the
heart. It was turned on at birth and extinguished at death,
never to be lit again. This strongly held belief, passed on
through the centuries, is one reason why no one believed
that death could be reversed. A non-breathing person was
not receiving pneuma; the heart’s furnace became perma-
nently cooled.
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With the end of the Western Roman Empire in AD 476,
Western culture entered a millennium of intellectual stag-
nation that influenced every aspect of society, including
medicine. The first stirring of modern scientific inquiry
occurred during the Renaissance and reached fruition in
the Enlightenment of the eighteenth century. The work of
the two great anatomists of the Renaissance, Andreas
Versalius and William Harvey, finally began to erode the
inviolable “truth of Galen.”

In 1543 Andreas Versalius (1514 to 1564), at 28 years of
age, published De Humani Corporis Fabrica,3 a remarkable
treatise on human anatomy which began to discard the
ancient Galenic superstitions. Versalius’ ability to refute the
statements of Galen was due largely to the availability of
cadavers. The judge of the Padua criminal court became
interested in Versalius’ early work and in 1539 made the
bodies of executed criminals available, apparently delaying
executions for his convenience.4 Although, strictly, he was
not the first in the sixteenth century to describe artificial
ventilation, he described how the lungs of animals col-
lapsed after the chest was opened and that the heart was
then affected.3 But then:

. . . that life may. . . be restored to the animal, an opening must be

attempted in the . . trachea, into which a tube of reed or cane

should be put; you will then blow into this, so that the lungs may

rise again and the animal take in air. . . I have seen none. . . that

has afforded me greater joy!

Versalius must be considered the true father both of
modern anatomy and of resuscitation. Sadly, his heterodox
views were widely condemned. To avoid execution,
allegedly for conducting an autopsy on a nobleman whose
heart was seen to be beating, he set out on a pilgrimage to
the Holy Land but died before he was able to return.4–6

As is so often the case, a new idea emerges almost simul-
taneously from more than one source. The illustration on
the use of bellows for artificial ventilation (Fig. 1.1) is from
the frontispiece of the 1974 American Heart Association
publication on standards for cardiopulmonary resuscita-
tion;7 it has a notation that the method dates from 1530. It
was in that year, 13 years before the publication of
Versalius’ great work, that Paracelsus8 was said to have
used the technique in an apnoeic patient. But he, too, was
a controversial figure, driven out of Basel to wander
through Europe, eventually to meet a violent death.9,10 He
had much less influence on subsequent events than did
Versalius. Indeed, no firm evidence exists to confirm the
belief that Paracelsus was responsible for the use of
bellows for ventilation or indeed wrote on the topic at all!2

In the following century, the pace of progress quick-
ened. The English physician William Harvey, who had
studied in Padua 60 years after Versalius, was the first to
provide a definitive description of the circulatory system
in Exercitatio Anatomica de Motu Cordis et Sanguinis in
Animalibus.11 De Motu Cordis, as it is commonly known,
wrought a revolution in medicine and biology after it was
published in 1628 with only 17 brief chapters and 72
pages. Robert Hooke was among a group of gifted all
round British scientists in the latter part of the seven-
teenth century, which included Robert Boyle, Isaac
Newton, Thomas Willis, and Christopher Wren.12 He was a
prominent member and Curator of the Royal Society
which had been founded in 1660. In October 1667, Hooke
demonstrated to the members of the Society – using a
dog – that the movements of the heart and lungs were
independent of each other but that the action of the heart
was entirely dependent on lung inflation with air.13 Hooke
also experimented with combustion and showed that
fresh air was essential for burning charcoal and that “sati-
ated air” would not support combustion. One hundred
years before the discovery of oxygen, Hooke drew the
analogy between fresh and “satiate” in combustion and in
respiration in animals “who live no longer than they have
fresh air to breath.”14

4 M.S. Eisenberg, P. Baskett and D. Chamberlain

Fig. 1.1. The bellows method of ventilation (courtesy of the
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By the eighteenth century, the stage was set for an explo-
sion of experimentation and growth in knowledge about
the human body. This burgeoning of scientific discovery
and the development of the scientific method occurred
during the period known as the Enlightenment. Its leaders
claimed that the means to discover truth was through the
scientific method. The rise of secularism and the con-
comitant rise of science allowed the first attempts at resus-
citation to be made. In the mid 1700s the four main
components of resuscitation (artificial ventilation, artifi-
cial circulation, electricity, and emergency medical ser-
vices) began to emerge. They would eventually develop
and coalesce, giving us the ability to reverse death.

The search for artificial ventilation

Deaths during the eighteenth century must be placed in
their medical context. People did not generally die from
cardiovascular disease; they died principally from acci-
dents, infectious disease, drowning, and smoke inhalation
from fires. One of the first accounts of mouth-to-mouth
resuscitation appeared in 1744,15,16 although the event
actually took place in 1732. A Scottish surgeon named
William Tossach was called to a man overcome by

nauseous steam arising from coals set on fire in the pit. His skin

was cold, there was not the least pulse in either heart or arteries

and not the least breathing could be observed. I applied my mouth

close to his and blowed my breath as strong as I could, but having

neglected to stop all his nostrils, all the air came out of them,

wherefore taking hold of them with one hand . . . I blew again my

breath as strong as I could, raising his chest fully with it and imme-

diately I felt six or seven beats of the heart.

Tossach added that the man had walked home 4 hours
later. Tossach modestly commented that his technique “is
at least very simple, and absolutely safe, and therefore can at
least be no harm, if there is not an advantage in acquaint-
ing the publick of it.” John Fothergill, a London practi-
tioner, did feel when he learned of the incident in 174517

that for facts of such great importance it is the duty of
everyone “to render them as extensively public as it is possi-
ble.” And so indeed he did, with a list of indications for its
use that included suffocation in water.

Drowning was by then a matter of great and growing
concern. Fothergill, together with wealthy and benevolent
gentlemen in Holland, was influential in the formation in
1767 of a Society for the Recovery of Drowned Persons in
Amsterdam (Maatschappy tot Redding van Drenkelingen),
later called the Humane Society (Fig. 1.2a). One year after
its establishment, magistrates in Milan and Venice began

similar societies. In 1769, the city of Hamburg passed an
ordinance providing notices to be read in churches describ-
ing assistance to be given to drowned, strangled, and frozen
persons and those overcome by noxious gases. Paris began
a rescue society in 1771, followed by London (Fig. 1.2b) and
St. Petersburg in 1774.18 Within 4 years of its founding, the
society in Amsterdam claimed that 150 persons were saved
by their recommendations.19 The members of the society
recommended: (a) warming the victim; (b) removing swal-
lowed or aspirated water by positioning the victim’s head
lower than feet, applying manual pressure to the abdomen,
and tickling the victim’s throat; (c) stimulating the victim by
such means as rectal and oral fumigation with tobacco
smoke; (d) using a bellows or mouth-to-mouth method
(mouth-to-mouth or mouth-to-nostril respiration is
described including the advice that “a cloth or handkerchief
may be used to render the operation less indelicate”); and (e)
bloodletting. In general, 6 or more hours were considered a
reasonable duration for a resuscitative effort.19,20

Unfortunately, mouth-to-mouth ventilation was soon
discouraged by the Royal Humane Society of London. This
was partly on aesthetic grounds, a consideration even today,
but also because Priestley had discovered by 1774 that the
composition of expired air was different from that which
was inhaled – and therefore “unfit to enter any lungs again.”

Although some recommendations for mouth-to-mouth
ventilation continued through the nineteenth and early
twentieth centuries,21 it was well out of fashion and virtu-
ally forgotten. William Hunter considered it to be “a
method practised by the vulgar.”22 So it was that the Royal
Humane Society in 1782, less than 10 years after it had been
formed, recommended bellows once again in preference to
mouth-to-mouth ventilation.18 By this time, the technique
had been developed and refined. In 1776, John Hunter (the
brother of William Hunter who guided his early career) had
presented to the Society the results of experiments in
which bellows were designed to be introduced into one
nostril, while at the same time the other nostril and the
mouth were occluded. Its mechanism generated both pos-
itive and negative pressure.23 It is noteworthy that John
Hunter had also gained considerable experience in
humans and made attempts to revive persons who had
been hanged as a judicial process.24

But using bellows to blow into the nose was clearly not
satisfactory, nor universally accepted. The Versalius tech-
nique of tracheal intubation was becoming fashionable
again, even while bellows and the mouth-to-mouth
methods were still in vogue. There were very full details of
the technique in a letter from Dr William Cullen25 dated
1776: “Dr. Monro informs me, it is very practicable to intro-
duce directly into the glottis and trachea a crooked tube such

Cardiopulmonary resuscitation 5



as a catheter used for a male adult.” Dr. Monro, a professor
of anatomy, had other prescient views, for in the same
letter we read:

Whether blowing in is done by a person’s mouth or by bellows,

Dr. Munro opines that the air is ready to pass by the gullet into the

stomach, but that this may be prevented by pressing the lower part

of the larynx backwards upon the gullet. To persons of little knowl-

edge of anatomy it is to be observed that the pressure should be

only on the cricoid cartilage, by which the gullet may be flattened,

while the passage through the lungs is not obstructed.

Cricoid pressure became accepted in anesthesia and in
resuscitation 185 years later after its description by
Sellick,26 but he and others subsequently became aware of
Dr. Munro’s earlier recommendation.27

Despite all the shortcomings and ill-advised notions on
treatment, efforts to prevent death from drowning were

nevertheless effective. Herholdt and Rafn28 reported in a
landmark publication of 1796 that 990 lives had been saved
by 1793, with a survival rate over the previous 9 years of
50%. The efforts showed commitment and ingenuity. The
amphibious craft illustrated in Herholdt and Rafn’s book
(Fig. 1.3) was used to move quickly over rough ice to reach
drowning victims; if the ice gave way, the rescuer himself
would not be at risk because he had a safe haven all around
him. The value of postural drainage to empty the lungs
was, however, more controversial, especially as it was rec-
ognized that the lungs even in fatal cases might remain rel-
atively dry.

By this time, interest had been aroused not only in resus-
citation but also in the numbers being treated. Charles Kite
was an active member of the London Humane Society who
wrote an Essay on the Recovery of the Apparently Dead in
1778 describing the epidemiology of drowning for which he
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Fig. 1.2. (a) An account of the founding of the Amsterdam Rescue Society in 1767.

(b) Cover of Royal Humane Society of London Transactions, showing medals awarded to rescuers (by courtesy of the Society).



was awarded the Silver Medal of the Society.29 He has been
described as the father of resuscitation epidemiology.30 He
emphasized the need to keep accurate records and the need
for speedy intervention. He advocated artificial ventilation
with warm air or “dephlogisticated air” (see below) and sug-
gested cricoid pressure and treatment of cardiac arrest with
electric shocks. He was a methodical person and designed a
pocket resuscitation kit in a case with “a collection that com-
prehends every article except an electrical machine” and also
a description of the correct way to use these instruments31

“. . .it will prove a very considerable acquisition to the resus-
citation air.” He practiced his theories and describes vividly
his experience of a remarkable recovery from drowning in a
soldier with a head injury.32

At this time, the concepts of fresh and satiated air, set
down by Versalius and Hooke two and one centuries
earlier, were refined by three scientists working in different
countries and more or less independently, although they
had some contact. Although the credit for discovering
oxygen is usually given to Priestley (1775)33 from England
and Lavoisier from France (1775),34 it is now agreed that
Carl Scheele, a Swedish chemist working in Germany was
the first to isolate “fire air” in 1772 and 1773. He demon-
strated that this was essential for plants to live but could
not make an accurate analogy with human respiration. He
was slow to publish his findings and his paper of 177735 fol-
lowed that of Priestley who had published his work 2 years
earlier in 1775.33

Priestley was a Yorkshireman who had trained as a priest
and a teacher but had a passion for the composition and
chemistry of gases.36 In 1774, while acting as librarian to the
Earl of Sherborne, Priestley had collected a colorless odor-
less gas from heating red mercuric oxide with sunlight
focused through a 12-inch burning lens. He had isolated
oxygen but did not call it that – he called it “dephlogisticated
air” and recorded that it supported combustion vigorously
and that a mouse survived in a sealed container filled with
this gas for much longer than in atmospheric air. He inhaled
the gas himself and “I fancied that my breast felt peculiarly
light and easy for some time afterwards.”37

Lavoisier was born in Paris and studied both law and a
wide spectrum of scientific subjects, including geology,
mineralogy, electricity, anatomy, biology, chemistry, botany,
and weather forecasting.36 In 1766, he was awarded a Gold
Medal by the King for the design of a new form of street light-
ing for Paris. Lavoisier was aware of the work of Scheele and
Priestley but branched out further. He was able to demon-
strate that “air eminently respirable” or “fire air” or “dephlo-
gisticated air” was an element, and that when combined
with hydrogen it formed water. This newly discovered
element was renamed oxygen. He undertook a number of
experiments that showed that oxygen was consumed during
respiration and carbon dioxide and heat were produced,
especially during exercise and after a robust meal.

Both Priestley and Lavoisier were liberals and supported
the French Revolution. This was not to stand them in good
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stead. Priestley was vilified in England and had to emigrate
to the United States where he died in Pennsylvania in
1804. Lavoisier was beheaded in public (immediately after
his father-in-law). Joseph-Louis Lagrange is quoted by
Wilkinson36 as having said “It took only an instant to cut off
that head but it is unlikely that a hundred years will suffice
to produce a better one.”

In the middle of the nineteenth century, a major change
occurred in artificial respiration. Marshall Hall (1790 – 857),
a physician in London, advocated the use of mechanical
expansion and compression of the chest wall. In his paper
Asphyxia, its rationale and its remedy of 1856,38 he criticized
the Royal Humane Society’s techniques, and recognized
that in a supine position the victim’s tongue and larynx fell
back and blocked the airway. His method involved repeat-
edly shifting the victim’s position from prone (expiratory)
to side (inspiratory) 15 times a minute.39 Over the next
100 years, dozens of other mechanical methods were pro-
moted. Henry Silvester, a London physician, advocated
raising the victim’s arms above the head to expand the
upper rib cage and then placing them on the chest and
applying pressure to cause exhalation.40 A New York physi-
cian, Benjamin Howard, described what he called the direct
method in which the victim was placed on his or her back
while a bystander held the tip of the tongue.41 The rescuer
knelt astride the patient’s hips and pushed into the upper
abdomen and squeezed the ribs at a rate of 15 times per
minute. In 1890, the Royal Medical and Chirurgical Society
in England formed a committee under the chairmanship of
Sir Edward Sharpey-Shafer to evaluate current methods but
concluded that they were all inadequate.42 (Schafer has
caused confusion by adding Sharpey to his name in honor
of his teacher in anatomy and physiology, William Sharpey.)
Although essentially an histologist and the author of the
standard textbook of the time, Essentials of Histology, which
had appeared in 1899 and continued through 17 editions
until 1953,43 Shafer also had a profound interest in artificial
respiration. He developed a new method44 with intermit-
tent pressure on the back of the prone victim which he
believed not only achieved adequate gas exchange, but also
maintained an open airway, allowed water and mucus to
drain away, posed no other risk to other organs, was easy to
learn, and could be performed without fatigue. Schafer did
comparative experiments on his laboratory assistant using
each of the methods devised by Hall, Silvester, Howard, and
himself and claimed that his own method produced by far
the best expired minute volumes (6.76 L). Although this
method faced considerable opposition (and some said that
perhaps Schafer’s laboratory assistant was too keen to
please his professor45), it gradually became a standard, both
throughout much of Europe and in the United States, and

was not dropped from the First Aid Textbook of the
American Red Cross until 1959 when the whispers of its
detractors rose to a clamor.46

The methods used for mechanical artificial respiration
did vary, however, on a geographical basis. Silvester’s
method was followed in Germany,47 Holland, and Russia,
whereas Schafer’s method was followed in the United
States, England, France, and Belgium.48 Colonel Holger
Nielsen, in Denmark, believed that the best solution to the
controversy was to develop yet another method that com-
bined the best features of both the popular techniques. His
original plan was to have two rescuers: one was to perform
prone pressure on the lower back to cause exhalation,
whilst the other rescuer was to lift the arms above the victim
to facilitate inhalation. The Danish Red Cross rejected this
proposal in 1930 because it could not be performed by a
single person. Nielsen went back to the drawing board.
Apparently, his breakthrough came when he visited a
masseur for relief from rheumatic pains in his shoulders.
Nielsen noticed that when the masseur pressed down on
his shoulder blades he experienced a forceful expiration.
This personal experience led him to suggest in 1932 that a
single rescuer be positioned at the head of the victim, alter-
nating pressure on the upper back for expiration with arm
lifting for inhalation. He presented physiological data to
support the superiority of his prone back pressure–arm lift
method over Schafer’s or Silvester’s techniques. Acceptance
of Nielsen’s method by Red Cross societies was rapid.
Instruction in the new artificial respiration spread through-
out Europe and to the United States.48

Frank Eve, a physician who practiced in Hull in Yorkshire,
adopted a different approach.49 He regarded the thorax as
a cylinder with a piston, the diaphragm. He noted that the
cylinder wall is often rigid, especially in elderly men and in
victims of drowning. He believed it was better to exploit the
piston element

Essentially the method consists of laying the patient on a stretcher

which is pivoted about its middle on a trestle and rocking up and

down rhythmically so that the weight of the viscera pushes the

flaccid diaphragm up and down.

Eve produced case reports in 193250 to support his rocking
method and experimental evidence in 193351 claiming
tidal volumes of 650ml – much greater than the various
chest compression and arm lift methods. His technique
was officially adopted and endorsed in the United
Kingdom by the Royal Navy during the Second World War,
before being superseded by the expired air method.

In 1949, Archer S. Gordon began evaluating different
methods of artificial respiration to determine which was
most effective. Gordon’s research included measurements
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on fresh corpses from the adult wards of Cook County
Hospital in Chicago. With no research funds available at
first, Gordon worked with no salary and, since he was on-
call 24 hours, slept in his supervisor’s office. He later
recalled: “When I received a call that a patient had expired,
I rushed across the street, got my cart of equipment, rushed
to the ward, moved the corpse to a secluded examining room,
and proceeded with my studies.” Gordon would insert a tube
into the trachea and connect it to a respirometer; it was
long before the days of sophisticated electronic measure-
ment devices. He measured the results of his experiments
on the smoked drums of a kymograph. Not only did he
smoke the paper for the drums himself, but also after each
case he would shellac the tracing in order to preserve the
record. Gordon’s early results were published in 1950.52

Meanwhile, the US Defense Department became inter-
ested in his work; some form of manual resuscitation might
help soldiers stricken by nerve gas. At the instigation of the
military, Gordon began working with live subjects. He anes-
thetized medical student volunteers and paralyzed them
with curare in order to carry out procedures similar to those
used on corpses. By 1951, his considerable bank of data had
shown that a modified Holger Nielsen method of manual
respiration surpassed all others that he had tested, in
terms of efficacy and ease of performance learning. In a
subsequent paper,53 Gordon alluded to mouth-to-mouth
and mouth-to-nose artificial respiration, but stated that
because of the “difficulties involved in studying and teach-
ing the method, it has not been included in these tests.” It was
a missed opportunity. Had Gordon included mouth-to-
mouth ventilation in his tests, he would have found it to be
far superior to any of the manual methods.

Gordon’s research came after 200 years of experiments in
artificial respiration. In 1953, Karpovich was able to list 105
published methods recommended for adults and 12 for
infants.1 With the cacophony caused by the advocates of so
many methods, and with none being truly effective, it is no
wonder that confusion, argument, and controversy ruled.
Many of the experiments by Gordon and others were done
with tracheal tubes in place, thanks to the inventiveness of
Kuhn,54 Magill,55,56 and Mackintosh57 and thus the problem
of obstructed airway was never taken into account. Even if
the airway was not obstructed, these techniques resulted in
air exchanges well below that which was needed to sustain
life. In the early 1950s, the world awaited a better method.

The kiss of life

James Elam was the first contemporary investigator to
prove that expired air was sufficient to maintain adequate

oxygenation, when he used mouth-to-nose breathing on
patients with acute poliomyelitis paralysis during an epi-
demic in Minnesota in 1946.58 These episodes invariably
occurred at times of equipment failure or when patients
arrived in the hospital with acute respiratory paralysis.

Elam chose mouth-to-nose ventilation because he
believed it was the obvious thing to do in such emergen-
cies. He described his first experience in detail:59

I had just gotten to Minneapolis . . . and I was browsing around to

get acquainted with the ward when along the corridor came a

gurney racing – a nurse pulling it and two orderlies pushing it and

the kid on it was blue. I went into total reflex behavior. I stepped out

in the middle of the corridor, stopped the gurney, grabbed the

sheet, wiped the copious mucous [sic] off his mouth and face, tilted

his head back, took a big breath, sealed my lips around his nose,

and inflated his lungs. In four breaths. I kept on because they had

to do a tracheostomy. He was just totally unable to swallow; he

had bulbar polio.

With a zealot’s passion he spoke of the value of mouth-to-
nose ventilation whenever he could, drawing attention
to the ineffectiveness of the Holger Nielsen method.
To prove that exhaled air was adequate to oxygenate a non-
breathing person, Elam obtained permission to do studies
on postoperative surgical patients before they recovered
from ether anesthesia. The tracheal tube was left in place
and succinyl choline was continued as a drip. Elam found
by blowing into the tube with his expired air that normal
arterial oxygen saturation could be maintained in the
patients. After he had published his results in 1954,60 the
US Army Chemical Center in Edgewood, Maryland, recog-
nized the potential value of Elam’s findings as a method for
ventilating victims of nerve gas (anticholinesterase) poi-
soning. Although impressed by a successful technique that
required no respiration equipment, the Army could not
endorse the technique without the blessing of the National
Research Council. The Red Cross, meanwhile, was uncon-
vinced that expired air resuscitation was superior to other
techniques: manual methods continued to prevail.61

By good fortune, Peter Safar joined James Elam on a long
car journey from an anesthesia meeting in Kansas City to
their homes in Baltimore in October 1956; their 2 days
together led to a collaboration that was to change resusci-
tation practice for ever. Safar was stimulated to become
involved in resuscitation research and began a series of
experiments on curarized volunteers to see if mouth-to-
mouth artificial respiration was effective. By the spring of
1957, he had proved conclusively three essential points in
relation to artificial ventilation:62 first, simply tilting a
person’s head backward would usually open the airway;
second, most existing manual ventilation techniques
provided little air, whereas mouth-to-mouth provided
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excellent artificial ventilation; third, mouth-to-mouth
resuscitation could be performed easily and effectively.

Review (ethics) committees did not exist at the time of
Safar’s experiments on human subjects; the chief investi-
gator was responsible for ensuring the safety of subjects
and for the ethical conduct of research. Safar was well
aware of the potential risks. He went to great lengths to
explain the experiment to the subjects, instituted multiple
safeguards to ensure their safety, and supervised each
experiment himself. The volunteers were heavily sedated
and thus were not conscious of their paralysis, which
generally lasted 1 to 3 hours. All subjects breathed a com-
bination of 50% oxygen and 50% nitrous oxide and were
closely monitored. No one was allowed to remain in a non-
breathing state for more than 90 seconds, and the high
oxygen content of the blood (from breathing 50% oxygen)
made this safe.62

Within a year, Elam, Safar, and Gordon convinced the
world to switch from manual to mouth-to-mouth
methods.63 A 1958 issue of J. Am. Med. Assoc. contains the
following endorsement:64

Skilful performance of expired air breathing is an easily learned,

lifesaving procedure. It has revived many victims unresponsive to

other methods and has been proved in real emergencies under

field conditions. Information about expired air breathing should

be disseminated as widely as possible.

The invention of the self-inflating bag valve mask by Ruben
in 1957 provided a key advance in artificial ventilation that
was independent of compressed gas and the aesthetic
drawbacks of the mouth to mouth method.65,66 It became,
and remains, the optimal method for healthcare profes-
sionals to provide artificial ventilation in the emergency
situation.

The search for artificial circulation

Probably the first mention of chest compression to treat
cardiac arrest appeared in a dental journal – written by
John Hill, an English surgeon, in 1868.67 He treated
patients aged 72, 12, and 8 – all of whom were recognized
as having lost both respiration and circulation as a result of
chloroform. The front of the chest was compressed
forcibly three times each 15 seconds, and the inspiration
that followed a rapid release was used to administer
ammonia (now known to be a potent venoconstrictor!). All
survived; the younger child regained a pulse only after 15
minutes of treatment and relapsed once – but nevertheless
made a slow recovery over several days. Better known is the
1883 recommendation of Professor Franz Koenig to use

sternal compression for artificial ventilation.68 Eight years
later, Dr. Friedrich Maass, one of his assistants, performed
compressions in two patients intentionally to counter
chloroform-induced cardiac arrest.69 One case involved an
18-year-old man who had lost his pulse during induction
of anesthesia and was regarded as dead. Maass initially
tried a slow rate of chest compressions to simulate res-
pirations, but, when the situation did not improve, he
increased the rate to 120 compressions per minute and
noted a carotid pulse. Within 25 minutes the patient
achieved a spontaneous pulse and blood pressure. After
the man recovered Maass operated on him without com-
plications. Maass concluded: “So long as compression is
applied at the speed of the patient’s breathing, slow
deterioration. When compression is speeded up, gradual
improvement follows. . .” Maass later described his tech-
nique thus:

One steps to the left side of the patient facing his head, and presses

deep in the heart region with strong movements . . . The frequency

of compression is 120 or more per minute. The effectiveness of the

efforts is recognized from the artificially produced carotid pulse

and the constriction of the pupils.

External chest compressions survived, predominantly
in Germany, for several more decades,70 but it was used
in association with the inefficient methods of artificial
ventilation by then in vogue and failed to become well
established. Case reports were not widely available
because they were published only in German or French,
but more importantly the technique could not be success-
ful in most cases of cardiac arrest until defibrillation was
developed. No therapy, regardless how innovative, was
likely to gain widespread acceptance if it rarely or ever suc-
ceeded. Moreover, the relationship between heart disease,
ventricular fibrillation, and sudden death was not appre-
ciated until well into the twentieth century. As a result, the
role of chest compression to support an artificial circula-
tion was largely ignored until it was rediscovered in 1960.

Open chest cardiac massage was also introduced rela-
tively late, despite the cardiac arrests that occurred during
anesthesia. Although Moritz Schiff had practiced and
described the technique under experimental conditions
and chloroform anesthesia in 1874,71,72 the first recorded
attempt in man was by Niehans in Berne – recorded by a col-
league in 1903.73 But the first definite success had occurred
2 years earlier in Tromsø: it was described only after Igelsrud
told a colleague of it when he visited the USA.74 Interest in
open cardiac massage continued for a while. Green in 190675

described 40 cases that were by then in the literature, of
which nine had been “entirely successful” and eight others
had shown transient recovery of pulse and respiration. But
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it was never a procedure that, by itself, would have a high
success rate, nor could it be widely applied.

The accidental rediscovery of artificial circulation
occurred in William Kouwenhoven’s laboratory at Johns
Hopkins University in Baltimore.76 Kouwenhoven and Guy
Knickerbocker were studying fibrillation in the hearts
of anesthetized dogs. In one series of experiments they
wanted to determine how long they could leave a dog’s
heart fibrillating and still achieve defibrillation success-
fully. On this particular occasion they had taken an anes-
thetized dog and inserted a catheter into the femoral artery
to measure its arterial blood pressure. While observing the
dog’s fallen arterial pressure, Knickerbocker applied the
defibrillator’s paddles to the animal. He noticed a blip on
the blood pressure indicator. The force of the application of
the paddles to the dog’s chest had caused a pulsation of
blood and a momentary increase in arterial pressure
apparently. Knickerbocker called Kouwenhoven over, and
they both observed the phenomenon. By repeatedly apply-
ing the paddles, they were able to extend the period of time
the dog’s heart was in fibrillation from approximately 1
minute to several minutes and still successfully achieve
defibrillation.

Several weeks after the initial observation, James Jude, a
surgical resident at the time, joined the team. All three
soon realized that they could use their hands to apply
pressure to the chest and achieve artificial circulation. At
first it was not at all evident where to compress the chest.
Should it be side to side? front to back? on the upper chest?
lower chest? Through a series of experiments in late 1958
the team discovered that the best procedure was to apply
rhythmic pressure on the lower part of the sternum and
press straight down using the heel of the hand. Other loca-
tions led to higher rates of complications, including lacer-
ations of the liver, stomach, or lungs. They repeatedly
measured actual arterial pressures and through trial and
error discovered that the optimal depth of compression
should be 1 to 2 inches and the best rate of compression
was approximately 60 to 80 per minute.61 Their success
with dogs led the three experimenters to consider trying
the technique on humans. Jude and other residents began
applying the experimental results to living patients. The
first person to have this lifesaving procedure, recalled
Jude, was described as follows:77,78

. . . rather an obese female who was having a cholecystectomy and

was being held in the emergency room just before surgery. The

patient went into cardiac arrest as a result of fluothane anesthetic

. . . This woman had no blood pressure, no pulse, and ordinarily we

would have opened up her chest and done direct cardiac massage.

Instead, since we weren’t in the operating room, we applied exter-

nal cardiac massage and they immediately switched back to

straight oxygen in ventilation. Her blood pressure and pulse came

back at once. We didn’t have to open up her chest. They went ahead

and did the operation on her, and she recovered completely.

In 1960 the three investigators reported their findings on
20 cases of in-hospital cardiac arrest.76,79 Fourteen of the
20 patients (70%) survived and were discharged from the
hospital. Many of the patients were in cardiac arrest as a
result of anesthesia. Three patients were documented to
be in ventricular fibrillation. The duration of chest com-
pression varied from less than 1 minute to 65 minutes.
The article was very clear: chest compression buys time
until the external defibrillator arrives on the scene. As
the authors write in the article: “Anyone, anywhere, can
now initiate cardiac resuscitative procedures. All that is
needed is two hands.” However, respiration or ventilation
received relatively little attention in the 1960 article. Many
of the patients had been intubated. Soon, however, chest
compression formally ‘married’ mouth-to-mouth venti-
lation: the couple’s new name was CPR.

The birth of cardiopulmonary resuscitation

Ventilation and compression combined

Between 1958 and 1961 artificial respiration was combined
with artificial circulation to create CPR. The period began
with demonstrations that mouth-to-mouth ventilation
was effective for artificial respiration and chest compres-
sion was effective for artificial circulation. Now all that was
needed was the formal connection of the two techniques
to create CPR as it is practiced today. And that took place
at the scientific level when Safar, Hackett, Jude, and
Kouwenhoven presented their findings at the Maryland
Medical Society meeting held on September 16, 1960 in
Ocean City. In the opening remarks the moderator said:
“Our purpose today is to bring to you, then, this new idea.”
It was so new that it was still without a name. The modera-
tor stated that the two techniques “cannot be considered
any longer as separate units, but as parts of a whole and
complete approach to resuscitation.”80 In his remarks Safar
stressed the importance of combining ventilation and cir-
culation. He presented convincing data that chest com-
pression alone did not provide effective ventilation; that
required mouth-to-mouth respiration.

To promote CPR, Jude, Knickerbocker, and Safar began a
world speaking tour. In 1962 Gordon, along with David
Adams, produced a 27-minute training film called The
Pulse of Life. The film was used in CPR classes and viewed
by millions of students. For the film, Gordon and Adams
devised the easy to remember mnemonic of A, B, and
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C standing for the sequence of steps in CPR: airway,
breathing, circulation. In 1963, the American Heart
Association formally endorsed CPR. Three years later, the
National Research Council of the National Academy of
Sciences convened an ad hoc conference on cardio-
pulmonary resuscitation. The conference was the direct
result of requests from the American National Red Cross
and other agencies to establish standardized training
and performance standards for CPR. Over 30 national
organizations were represented at the conference; its rec-
ommendations were reported in J. Am. Med. Assoc.81

From electrical therapy to defibrillation

The discovery of electricity is obscured by antiquity, but
the ancient Greek and Chinese civilizations were aware
of magnetic properties of lodestones. But for 2000 years
no progress occurred in the understanding of magnetism
or electricity. Superstition and the occult ruled. The
Renaissance allowed scientific inquiry to begin, and super-
stitions slowly began to crumble. William Gilbert (1544 to
1603), physician to Queen Elizabeth I, performed the first
experiments that clarified the properties of magnets and
electrostatic charges and published De Magnete in 1600.82

Gilbert gave us the word electricity.
By the middle of the eighteenth century, electricity was

thought to be so pervasive that it was considered to be the
fifth element after fire, water, earth, and air. In 1743,
Johann Gottlob Kruger who was Professor of Medicine at
the University of Halle wrote omnisciently: “. . . .through
electrification, changes in the deepest regions of the human
body can be brought forth.” Electricity, he claimed, would
be “a new kind of cur,” and he called for experiments to
demonstrate its effect on life. Kruger predicted a benefit of
electricity in the treatment of paralyzed limbs. Electricity
would function “just as one uses flagellation with nettles to
restore sensation and reestablish the power of motion.”
Kruger’s lecture and subsequent publication on the appli-
cation of electricity to medicine earned him the title of
founding father of electrotherapy.83

Kruger’s contemporaries soon began to recommend
electricity for many different ailments. A student of
Kruger’s named Christian Gottlieb Kratzenstein reported
the successful use of electrotherapy in paralysis in 1744.
He wrote of “a woman who lost the paralysis in her small
finger within one quarter of an hour by electrification.”84

This unknown woman may have been the first person to
benefit from electrotherapy. It was a humble beginning
to a journey that would culminate 200 years later in
Cleveland, Ohio, with the first successful defibrillation of a
human heart.

An account of what was purported to be a human resus-
citation by electricity had already been described in 1774
in the Register of the Royal Humane Society of London in
relation to a child who had fallen out of a window and
appeared to be dead:85

Mr. Squires tried the effects of electricity. Twenty minutes elapsed

before he could apply the shock, which he gave to various parts of

the body in vain; but, upon transmitting a few shocks through the

thorax, he perceived a small pulsation; in a few minutes the child

began to breathe with great difficulty. . .

Kite provides an illustration of the device likely to have
been used by Mr. Squire to resuscitate the child (Fig. 1.4).86

Kite’s device may properly be called a proto-defibrillator.
All of the elements of a modern defibrillator are there:
it had a source of energy in a Leyden jar that served as
a capacitor; an electrometer functioned as the energy
setting; brass knobs served as the electrodes; metallic
strings were equivalent to the cables; and glass or wooden
tubes served as insulators to prevent the operator from
being shocked. Or as Kite so delicately put it, “In this
manner, shocks may be sent through any part of the body . . .
without a probability of the assistants receiving any incon-
venience.” But with the delays that had occurred and the
nature of the event, it is hard to credit that fibrillation and
defibrillation had occurred in this instance.

The history of true defibrillation may well go back to
1775, the year after Dr. Squires’s experience. Abildgaard, a
remarkable Danish veterinarian does not seem to be well
known and deserves better recognition. An excellent
account of his role in defibrillation and a translation from
Latin of his relevant writings were published to commem-
orate the bicentennial of his experiments.87 He wrote:

I took a hen, which I knocked down with the first shock directed to

the head. . . it lay without feeling as if completely dead and was

unable to be aroused by any stimulus. . . I tried an electric shock

directed through the chest to the spine . . . it rose up and, set loose

on the ground, walked about quietly on its feet. . . after the exper-

iment was repeated rather often, the hen was completely stunned,

walked with some difficulty, and did not eat for a day and night;

then later it was very well and even laid an egg.

Why did he do such an experiment, and indeed was the
hen really dead? His two further quotes seem to address
these questions satisfactorily:

. . . all reports of men, slain by a bolt of lightning, state that nothing

in such bodies, when dissected, was found which was sufficient to

be called the cause of death. . . I took a different hen, along with the

same cock, upon which I had conducted the second experiment. I

left both on the ground. . . made lifeless by one shock. . . But on the

next morning I found them completely dead and very cold, and I
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was unable to revive them with the electrical machine with any

amount of trying.

It is noteworthy that, while the capacitor discharge to the
head was capable of killing a chicken, revival needed a dis-
charge across the thorax. His work did not go unnoticed at
the time, with at least two subsequent references in the lit-
erature including an anonymous comment in 177988 that
was particularly prescient: that Dr. Abidgaard’s experi-
ments may lead to conjectures “as to the cause of death
from lightning, but also, perhaps, to important discoveries
with respect to the means of recovery in such a case.”

The potential of capacitors is limited. But in 1799,
Alessandro Volta, Professor of Physics at the University of
Pavia, used the principle of two dissimilar metals to gener-
ate electricity by creating the world’s first electrochemical
battery.89 This followed from Galvani’s discovery that the
leg of a frog twitched when in contact with both iron and
brass.90

Galvani’s work made it obvious that electricity led to
muscle contractions. Starting a stilled heart with electricity
became an important goal of medical science. Physicians
still had little understanding of the heart’s electrical con-
duction system, but they knew it was a muscle. What was
not clear, however, was whether an arrested heart could be
restarted. The ability to restart a non-beating heart was
essential if death were to be reversed. Many studies took
place at the beginning of the 19th century, but the results

were contradictory and inconclusive. During the French
Revolution, the French anatomist and physiologist, Xavier
Bichat, realized the advantages of studying the issues of
electricity and the heart on the bodies of victims of the guil-
lotine. Bichat received permission from the revolutionary
authorities to conduct electrical experiments on freshly
decapitated bodies. He tried to stimulate the muscles and
the heart using galvanism and chemical stimulants. He
concluded that the heart could be excited reliably only by
direct contact with electric stimulation.82 Other French sci-
entists performed similar experiments and reached some-
what contradictory conclusions. The time interval from
death to the performing of the experiments, which was the
most important factor explaining the heart’s responsive-
ness, was often not taken into account. The importance of
time was intensively studied in a special commission
formed by the Academy of Turin in Italy. The conclusion of
the committee was that the heart lost its ability to contract
in response to electrostimulation 40 minutes after death.82

In 1804, Aldini, who was Galvani’s nephew, wrote about
the need to integrate artificial respiration and electric
therapy. According to Aldini, electricity should be used
immediately and not after a long period of artificial ventila-
tion, the sequence recommended by most other scientists.
Aldini wrote: “Artificial respiration ought to be attempted
but it should be accompanied by the application of Galvanic
power externally to the diaphragm and to the region of
the heart.” He may thus have been the first to advocate a
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combination that presaged modern CPR and defibrillation.
Aldini freely admitted to ignorance about how electricity
affects the heart, but “. . that it does affect (the heart) has,
I trust, been sufficiently demonstrated by experiments.”91

The use of electricity for resuscitation and the need to
apply it rapidly were evident in the advice of Richard Reece,
a London physician. In The Medical Guide in 1820,92 Reece
described the optimal means of resuscitation. He wrote:

In cases of suspended animation what is necessary to be done

should be done quickly; therefore, on the first alarm of any person

being drowned or suffocated, while the body is searching for, or

conveying to the nearest house, the following articles should be got

ready: viz. warm blankets, flannels, a large furnace of warm water,

heated bricks, a pair of bellows, warming-pan, sal volatile, clyster

pipes, and an electrifying machine.

His book provides an example of such an electric machine
and a description of the device by its inventor, de Sanctis.
The device, called a reanimation chair, consists of a voltaic
battery, a bellows to ventilate the lungs and a metal tube to
be inserted in the esophagus for delivery of stimulating
vapors. The three resuscitation items were packaged in a
carrying case and available for purchase in a medical
supply store in London. The bellows was to be inserted in
the mouth and the nose clamped shut. An assistant was to
press on the ribs to cause expiration after each ventilation
with the bellows. The voltaic pile was to be suspended from
a hook attached to the back of a chair. One wire from the
battery was attached to the metal tube in the oesophagus,
and the second wire was to be successively touched to “the
regions of the heart, the diaphragm and the stomach . . .”92

There is no record of anyone being resuscitated success-
fully by use of the reanimation chair. Nevertheless, the
pathway of electric stimulation advocated by de Sanctis
was not totally bizarre. Stimulation with an esophageal
electrode was explored in 1956 as a means of achieving
cardiac pacing; and in 1979 the first automatic external
defibrillator was designed with a posterior pharynx–ante-
rior chest pathway of current flow.93

Which route of electricity – chest, neck, or total body
stimulation – was best for treating heart conditions pro-
vided a common source for debate in the nineteenth
century. Many scientists and physicians claimed that total
body electrification was most beneficial for cardiovascular
disease and gave names to these types of therapy that
sounded more scientific than they were. Electrohydriatics
or electrobalneotherapy referred to immersion in a tub of
electrified water. For a static bath with cephalic douche the
patient sat in a dry tub with sparks applied to the head.
Autoconduction, also known as inductothermia, involved
standing inside a large circular solenoid cage, which used

a high-frequency electricity of several hundred thousand
oscillations per second. According to the inventor of such
a device, “These currents can be very powerful. They produce
no pain or conscious phenomenon in the person treated.
The current, nevertheless, acts very energetically on the
tissues.”92 This treatment was similar in principle to
microwaving the entire body! High-frequency treatments
were especially popular in France from 1890 to 1930 and
were used to treat diabetes, gout, obesity, and many other
conditions.82 Virtually every disease and malady, according
to some authority, could benefit from electricity.

Little progress could be made in using electricity to
counter sudden death until the most frequent underlying
cause had been discovered. A lethal arrhythmia that we
now know as ventricular fibrillation was first described in
1850 by Hoffa and Ludwig in Germany.94 They demon-
strated that strong galvanic or faradic currents applied
directly to the ventricles of a dog’s heart caused a disor-
dered and ineffective action. This was given a variety of
names: tremulations fibrillaires, delirium cordis, interver-
miform (wormlike) movements, fibrillar contractions,
herz-delirium, undulatory movements, and intervermicu-
lar actions. Ludwig was also known for his development of
the kymograph (which became the direct precursor of the
electrocardiogram), although he did not specifically use
his kymograph to record ventricular fibrillation. It was con-
sidered only a curiosity with little relevance to humans.

John MacWilliam in a series of articles from 1887 to 1889
published in the British Medical Journal, made the first
detailed descriptions of ventricular fibrillation. Until that
time, it had been assumed that sudden cardiac failure took
the form of quiet standstill. Experiments that MacWilliam
performed on dogs refuted this idea. He described how
tumultuous activity could have an effect similar to that of a
motionless heart:95

In many of these cases the fatal issue is determined or ensured by

the occurrence of fibrillar contraction in the ventricles. . . . A

sudden, unexpected, and irretrievable cardiac failure may, even in

the absence of any prominent exciting cause, present itself in the

form of an abrupt onset of fibrillar contraction (ventricular delir-

ium). The cardiac pump is thrown out of gear, and the last of its

vital energy is dissipated in a violent and prolonged turmoil of

fruitless activity in the ventricular walls.

McWilliam96 was the first to speculate that fibrillation is the
most common mode of sudden death in humans, includ-
ing those induced by anesthetics. No one picked up on his
theory until 1913, when Levy showed convincingly the
relationship between chloroform and fibrillation.82 He was
also aware that defibrillation is more difficult to induce in
a healthy heart than in a diseased or weakened heart.
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McWilliam never investigated the effect of electricity to
stop the fibrillations of a heart muscle, nor is it certain that
he even thought of this possibility. He did, however, appre-
ciate the value of electrical pacing. The concept was not
new. Steiner97 had successfully paced a variety of animals
with chloroform-arrested hearts using direct current via
needles thrust into the heart, and even tried it in a patient!
Green98 was later successful in man using hand-held exter-
nal electrodes, whilst McWilliam99 described a path from
the back to over the cardiac apex. But we had to wait until
1952 for external pacing to be accepted100 and until 1959101

for acceptable intracardiac pacing.
It was not anesthesia, which could cause all forms of

cardiac arrest, but rather accidental electrocutions, that led
to further work on ventricular fibrillation. Many Western
nations began to use electricity during the last two decades
of the nineteenth century, and accidental deaths from elec-
trocution entered the scientific community’s conscious-
ness. Investigators in the 1880s believed that death from
electrocution was caused by respiratory paralysis secondary
to overwhelming trauma to the central nervous system:
“. . .the condition after the shock is merely one of suspended
animation in which respiratory function is suspended.”82

Final proof that electrocution caused ventricular fibrilla-
tion came at the turn of the century. Jean Louis Prevost and
Frederic Battelli, both physiologists, reported in the year
1899102 that a weak current passed through the heart or
through the intact chest fibrillated the heart. But their
interest was not only in the induction of fibrillation: cru-
cially, they also took a major interest in the restoration of
the heart beat by electricity and were the first to show
unequivocally that it was possible:

. . . we asked ourselves what would be the effect of applying a high

voltage current on a dog whose heart had just been put into a state

of ventricular tremulation. We worked on 6 dogs, in three of which

we noticed that the heart that had been paralysed with ventricular

tremulation started to beat again and the pressure rose and stayed

up after the application for 1–2 s of a 4800 volt current applied from

the head to the feet.

It does seem, however, that they did not appreciate the
importance of their findings in relation to sudden death,
despite McWilliam’s earlier speculations. Three decades
passed before others came to appreciate the significance of
Prevost and Battelli’s work and its relevance to humans.

Even when the problem of ventricular fibrillation was
widely understood, no one believed that anything could be
done to alleviate it. In 1913 the Electric Light Association of
Chicago commissioned a report addressing resuscitation
from electric shock. The report acknowledged ventricular
fibrillation as a cause of death in linemen but stated “a

solution of the problem in a manner permitting the life of
the individual to continue may be impracticable.”103

During the first two decades of the twentieth century,
researchers pursued non-electrical interests related to
chemical fibrillation when the real solution should have
been within their grasp. Chemical defibrillation was inves-
tigated in the hope that a regular heartbeat would resume
or could be started with another chemical agent. It was also
advocated erroneously to stop defibrillation so that heart
massage could be more effective. Salts of potassium chlo-
ride were the most common agents used for chemical
defibrillation, but calcium chloride was also used to start
an arrested heart.104 The connection between electricity
and defibrillation was picked up again in 1926, when the
Consolidated Electric Company of New York City sought
advice from the Rockefeller Institute on how to deal with
the alarming number of fatal electric accidents among its
workers. The institute in turn funded research at several
universities, including Johns Hopkins University, which
was also supported later by the New York Edison Power
Company.

In 1930, Donald Hooker, William Kouwenhoven, and
Orthello Langworthy, with funding from Edison Power,
began to study the direct effects of electricity on the
heart.105 They confirmed that electric shocks, even small
ones, could induce ventricular fibrillation in the heart and
that more powerful shocks could eliminate the fibrillation.
Moreover, after inducing ventricular fibrillation in dogs
they were then able to defibrillate the heart without
opening the chest.106 Their closed-chest defibrillation was
effective only if the fibrillatory contractions were vigorous
and the period of absent circulation or breathing did not
exceed several minutes: longer periods required open-
heart massage for electric shocks to be successful. Since an
initial shock was required to place the heart in ventricular
fibrillation, it was only logical to call the subsequent shock
that defibrillated the heart the countershock. The term
countershock was used synonymously for many years to
mean attempted defibrillation. They were by then close to
developing effective defibrillation in humans.

But it was a surgeon who achieved this breakthrough.
Claude Beck had worked for years in Cleveland, Ohio on a
technique for defibrillation of the human heart. He wit-
nessed a cardiac arrest while an intern in 1922: the anes-
thetist announced that the patient’s heart had stopped
during a urological procedure. To the amazement of Beck,
the surgical resident removed his gloves and went to a
telephone in a corner of the room and called the fire
department.107 He remained in total bewilderment as the
fire department rescue squad rushed into the operating
room 15 minutes later and applied oxygen-powered
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resuscitators to the patient’s face. The patient died, but
the episode left an indelible impression on Beck. Twenty
years later he wrote, “. . . surgeons should not turn these
emergencies over to the care of the fire department. We
should take care of them ourselves. . . And so I prepared
myself to handle it.”108 Beck would go on to develop tech-
niques to take back the management of cardiac arrest
from the fire department and place it in the hands of sur-
geons. Ironically, 20 years after his accomplishment the
management of most cardiac arrests in the USA once
again returned to the fire department.

Cardiac surgeons during the 1930s were well aware that
ventricular fibrillation, when it occurred during an opera-
tion, was fatal. Beck and his colleague Mautz109 quoted
case reports, but believed that drugs together with elec-
tricity could potentially stop ventricular fibrillation in man
as had been shown in dogs. They believed that “surgeons
should be equipped to use this method.” But 10 more years
were to pass before long-term success was achieved.

On the basis of the work of Hooker and Kouwenhoven,
Beck decided to construct an alternating current (AC) inter-
nal defibrillator. He achieved his first successful resuscita-
tion in 1947.110 A 14-year-old boy was undergoing surgery
for a severe congenital funnel chest. The 3-hour operation
was uneventful except for a 45-minute period of a rapid
heart rate of 160 beats/min for which digitalis was used.
During the closure of the large incision in the chest, the
pulse suddenly stopped and the blood pressure fell to zero.
The boy had gone into cardiac arrest. Dr. Beck immediately
reopened the chest and began manual heart massage that
was continued for 35 minutes. Another 10 minutes passed
before the defibrillator arrived in the operating room. The
first shock using electrode paddles placed directly on the
sides of the heart was unsuccessful. Beck gave a second suc-
cessful shock after administering procainamide, and in a
very few seconds a feeble, regular, and fast contraction of
the heart occurred. The blood pressure rose from zero to
50 mm Hg. Twenty minutes after the successful defibrilla-
tion, the chest wound was closed. After 3 hours the child
awoke and was able to answer questions. He suffered no
neurological damage and his exercise tolerance was con-
siderably improved. What started as a straightforward oper-
ation led to 45 minutes of cardiac arrest before resuscitation
with the first successful defibrillation in a human. Beck thus
earned a place in medical history.

Eight years later, in 1955, another medical “first” was
achieved when an out-of-hospital cardiac arrest, that
occurred just outside the door of the University Hospital
in Cleveland, was treated successfully.111 Dr. Albert T.
Ransone – who was 65 – had had an ECG taken in the hospi-
tal following chest pain the night before. As he was leaving,

he collapsed and was rushed to the emergency department,
pulseless, cyanotic, and with dilated pupils. A subsequent
review of the cardiogram revealed an acute posterolateral
myocardial infarction. Beck and his colleague David
Leighninger immediately opened his chest, not even delay-
ing to remove his shirt or prepare the skin. They compressed
his heart by hand for 25 minutes until the electrical defibril-
lator, which was located in a laboratory far distant from the
emergency department, was brought. Defibrillation was
achieved after the third AC shock of 3 A lasting 2 full seconds.
Ransone left the hospital 11 days later and returned to prac-
tice before retiring in Florida. He died in February 1984 at 93
years of age. Beck’s defibrillator added 28 years of life to
someone whose heart “was too good to die,” a phrase that
was first used in relation to this case.112

Although Kouwenhoven’s paper mentioned the ability to
defibrillate the heart internally, no one at that time, includ-
ing Kouwenhoven, pursued the possibility of closed-chest
defibrillation in humans. The work of his group had been
brought to a halt by the Second World War. The research
resumed afterwards under the sponsorship of the
Department of Surgery at Johns Hopkins and again was
funded by the Edison Electric Institute, which had not
given up hope that a means of closed-chest defibrillation
could be developed for accidental electrocution of
linemen.113 They built a device that was to evolve into the
Hopkins AC defibrillator114 which underwent a long series
of tests in dogs. After 52 successful tests, Kouwenhoven,
who was an engineer without medical qualifications,
approached Dr Blalock with whom he was cooperating but
was frustrated to be told that this was not enough: he
should run additional tests. While the tests were under way,
Kouwenhoven visited Dr Paul Zoll in Boston who was also
developing a closed-chest defibrillator.

For Paul Zoll the development of an external defibrillator
was a natural extension of his earlier work with an external
cardiac pacemaker. Like the other researchers in the field,
Zoll had spent several years perfecting the procedure in a
series of animal experiments and by 1955 he was ready to
try it on humans. On August 22 of that year a 64-year-old
woman admitted 5 days earlier for a serious heart attack
collapsed with ventricular fibrillation. Zoll and his col-
leagues applied a single 360-volt countershock using elec-
trodes across the woman’s chest.115 The ventricular
fibrillation stopped at once, but her heart did not start
beating normally and she died. The next two patients also
died following successful external defibrillation, but Zoll
remained undaunted. Finally, on November 17, a 67-year-
old man survived several episodes of ventricular fibrilla-
tion after treatment with Zoll’s external defibrillator, and
was discharged a month later. Over a period of 4 months,
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Zoll had treated ventricular fibrillation 11 times success-
fully in four different patients. The energy required ranged
from 240 to 720 volts. Zoll had worried about the potential
damage such high energy could cause but was able later to
write: “The complete recovery in Case 4 after repeated coun-
tershock indicates that external defibrillation can be
accomplished without ill effect to the patient.”

The defibrillator Zoll designed, as well as earlier versions
invented by Kouwenhoven and Beck, used AC and were
run from line (mains) current, the electricity from the wall
sockets. These AC defibrillators were very large and heavy,
mainly because they contained a transformer to step up
the line current from 110 volts to approximately 1000 volts,
which was required to defibrillate the heart. The major
limitation of AC defibrillators thus was their lack of porta-
bility. They could be packaged in a large cabinet, and
wheels attached to the bottom would allow some maneu-
verability, but basically it was difficult to bring them to the
patient. Even in the hospital this was time-consuming, and
the possibility of transportation to a patient’s home was
out of the question. Not many lives would be saved unless
the inherent non-portability of AC defibrillators could be
solved.

Bernard Lown is credited with solving the portability
problem in the 1960s. Years later he would win the Nobel
Prize for Peace, but another major contribution to human-
ity was the development of a defibrillator that used DC
instead of AC; this allowed battery operation and elimi-
nated the need for a heavy transformer.116 A capacitor

could store energy until it was released in one massive jolt
to the chest wall.

In recent years, biphasic waveforms have been
shown to have advantages over the simpler monophasic
shocks. They could have been available much earlier.
Kouwenhoven, Becker, and Knickerbocker had produced
a portable defibrillator in 1963 that used a discharge that
had been derived by progressively reducing the number of
cycles of alternating current until it became “diphasic” – or
biphasic as we would now call it. It could be operated
using 6- or 12-volt dry batteries. Again this group was well
ahead, but had the frustration once more that their
progress had escaped wide medical notice, possibly
because the device was described only in an engineering
journal (Fig. 1.5).117

With the development of portable DC defibrillators, pre-
hospital resuscitation had become a practical possibility.
Not only could a defibrillator reach a patient more rapidly,
but mouth-to-mouth ventilation and chest compression
were now available to buy precious minutes of time.

Prehospital resuscitation

The concept of using ambulances to bring aid to the victim
rather than the other way around emerged during the
Napoleonic war, and the honor of developing the first emer-
gency medical service probably belongs to Baron
Dominique-Jean Larrey. In 1792, the Baron – Napoleon’s
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chief army surgeon – devised the first ambulance service to
bring aid directly to the injured soldier. When Larrey first
entered the military, the only medical care was well to the
rear of the army. After the fighting was over, fallen soldiers
would be picked up, and those still alive were taken to field
hospitals. Larrey was shocked by the delays in providing
even minimal care to soldiers. His indignation led him to
design a lightweight, two-wheeled ambulance that allowed
the surgeon to be mobile and work directly on the battle-
field. The vehicles were called voitures d’ambulance because
they travelled with the “flying artillery” on the field of
battle.118,119 The term “ambulance” referred at the time to a
hospital, not a vehicle, but no doubt it was from this that the
more familiar use of the word derives. Civilians were not to
benefit from ambulances for many years, although the need
had been recognized – especially during times of plague so
that “all possible care should be taken to provide such means
of conveyance for the sick that they may receive no injury.”120

Urban ambulance services for civilians first appeared in
Cincinnati (in 1865 and in New York City in 1866). Within 15
years every urban area in the USA had some form of ambu-
lance service.121 Other countries lagged behind. In 1881 a
volunteer ambulance service was set up in Vienna after a
disastrous fire in a theatre121a and Dr. James Cantlie, who
had written one of the first English books on first aid, gave
a public demonstration that was attended by physicians
from Germany, Spain, and Russia – leading to the intro-
duction of civilian ambulances in those countries. In the
same year, Reginald Harrison from Liverpool visited the
USA to investigate the services and subsequently set up a
horse-drawn ambulance managed by the police. In 1903, a
steam ambulance was available in London and 1905 a
motor ambulance was established in Scotland.122

For civilians, ambulance services were for many years
merely a means to bring the patient to the hospital but
provided no medical care at the scene. In 1914 Cantlie set
up a College in London to train attendants with consider-
able initial success:123 14 000 students attended in the first
3 years. But the initiative was not well supported and the
College closed in 1923. During the 1930s and 1940s
municipal fire departments in some cities of the USA
(including Los Angeles, Columbus, Baltimore, and
Seattle) began to provide rescue, first aid, and resuscita-
tion care. In 1966 the United States National Academy of
Sciences and the President’s Commission on Highway
Safety issued reports decrying the unevenness of ambu-
lance personnel competency and the lack of standard
procedures. The commission described the carnage
resulting from traffic accidents as the neglected disease of
society. The subsequent National Highway Safety and
Traffic Act of 1966124 authorized the Department of

Transportation to establish a national curriculum for
prehospital personnel, which led to the training of emer-
gency medical technicians. In the same year, a similar
scheme for advanced first aid training began in the UK.125

But nowhere in the West was there any definitive treat-
ment for prehospital cardiac arrest.

In 1965 Frank Pantridge turned his attention to this
vexing problem of heart attacks and sudden cardiac death.
His sensitivity to the problem came from two sources. First,
personnel in the emergency department of the Royal
Victoria Hospital in Belfast frequently commented on the
number of patients who were dead on arrival. Second,
Pantridge was aware of an epidemiological study in Belfast
that indicated that, among middle-aged or younger men
with acute myocardial infarction, more that 60% died
within 1 hour of the onset of symptoms.126 Thus the
problem of death from acute MI had to be solved outside
the hospital, not in the emergency room or the coronary
care unit. He wrote:

The majority of deaths from coronary attacks were occurring

outside the hospital, and nothing whatever was being done about

them. It became very clear to me that a coronary care unit confined

to the hospital would have a minimal impact on mortality.

He wanted his coronary care unit in the community.
Pantridge’s solution was to develop the world’s first

mobile coronary care unit, or MCCU. He staffed it with an
ambulance driver, a junior physician, and a nurse. Pantridge
encountered several obstacles to the creation of the MCCU.
He dealt with them in his typical fashion: head-on, with
bulldog determination to succeed and transparent con-
tempt for politicians and other authorities who opposed
him. A modest grant was obtained, and an old disused
ambulance was resuscitated. There were, of course, various
other problems. “My non-cardiological medical colleagues
in the hospital were totally unconvinced and totally uncoop-
erative,” Pantridge said. “It was considered unorthodox, if not
illegal, to send junior hospital personnel, doctors, and nurses
outside the hospital.” But despite all obstacles, Pantridge’s
new programme began service on January 1, 1966.

Of ground-breaking importance in the 1967 Lancet pub-
lication by Pantridge and Geddes127 was the reported
outcome in ten patients who had cardiac arrest. All had
ventricular fibrillation; six arrests occurred after the arrival
of the MCCU, and four occurred before arrival of the
ambulance. All ten patients were resuscitated and admit-
ted to the hospital. Five were subsequently discharged. But
the system reacted too slowly to resuscitate persons who
fibrillated before a call was placed.

When the unit was established, it was assumed that most
sudden cardiac deaths in the community were the result of

18 M.S. Eisenberg, P. Baskett and D. Chamberlain



acute myocardial infarction. It was not appreciated that
ventricular fibrillation can occur without new infarction
and with only seconds of warning – or none at all. Today we
know that the mechanisms of sudden death in the commu-
nity are diverse and complex. The Belfast system was ideal
for patients whose hearts fibrillated after the ambulance
was at the scene or en route. But the article has historical
importance because it served to stimulate prehospital
emergency cardiac care programs throughout the world. It
is noteworthy that August 1967 is 200 years to the month
from the founding of the Amsterdam Rescue Society.

Although the concept of mobile coronary care was intro-
duced only in the 1960s, the concept that the doctor should
go out to the patient was not new for victims of trauma.
Kirschner in Germany had recommended this practice as
early as 1938.128 By 1957 there was a mobile operating unit
in Heidelberg with another well equipped system in
Cologne.

Paramedic-staffed mobile intensive care units

The extensive international readership of the Lancet helps
explain why Pantridge’s idea spread so rapidly to other
countries. Within 2 years, similar programs that included
physicians in the MCCU began in Australia and Europe.
The first programme in the USA was started in 1968 by
William Grace at St. Vincent’s Hospital in Greenwich Village
in New York City. It was soon followed by a programme in
Charlottesville, Virginia, begun by Richard Crampton. Both
programs were models of the Belfast programme. They
used specially equipped ambulances and placed phys-
icians on board to provide advanced resuscitation care
directly at the scene of cardiac emergencies.

William Grace had visited Pantridge in Belfast and spent
10 days learning about the program. Shortly after returning
to New York City, Grace set about establishing an MCCU
patterned after the Belfast unit. The ambulance operated
in the catchment area of a large area in the lower west side
of Manhattan. Calls for medical emergencies in which
chest pain was a complaint were passed on from the police
emergency call number to the hospital. Among the first
group of patients seen by the MCCU were three patients
treated for ventricular fibrillation of whom one survived.129

Like the Belfast program, the St. Vincent’s MCCU was
not established to provide primary response for sudden
cardiac arrest, but rather was designed to treat the early
period of acute MI. Ventricular fibrillation, if it occurred
after arrival, could be managed, but patients suffering
ventricular fibrillation before the MCCU’s arrival could
seldom be resuscitated. Although the first in the USA to

bring advanced resuscitation directly to the scene of a
life-threatening emergency, it was nevertheless limited in
vision and was not nationally applicable. An evolution in
prehospital emergency care was needed. Pantridge and
Geddes had broken the conceptual block that resuscita-
tion was restricted to hospitals. Now someone had to
break a conceptual block that kept resuscitation in the
hands of physicians. This happened in the USA and in
Ireland but with different international impact.

The evolution from physician-staffed mobile intensive
care units to paramedic-staffed units in the USA occurred
independently and almost simultaneously in six commu-
nities. The innovators were Eugene Nagel in Miami,
Leonard Cobb in Seattle, Leonard Rose in Portland,
Michael Criley in Los Angeles, James Warren in Columbus
Ohio, and Costas Lambrew in Nassau County New York.
These six programs took a different approach to the
problem of cardiac emergencies. Not only were para-
medics used instead of physicians, but also from their
inception the programs were established to deal with the
problem of sudden cardiac arrest that may have already
occurred before a call for help was received. Four of the six
programs had a strong base of a fire department ambu-
lance service in their communities. Thus it was fire fighters
who took on the additional role of paramedics.

Nagel understood that the model of the physician-
staffed prehospital MCCU could never become accepted
in the USA. Physicians were too expensive to await calls in
fire stations, and help would take too long to arrive on
scene if they had to be picked up from hospitals. But he
moved incrementally, taking radio and telemetry as his
first step. Before he could sell the need for defibrillation
and medications, he had to prove that not only was
ventricular fibrillation a major prehospital problem, but
also that the ECG signal could be sent from the field to
the hospital. The decision to use telemetry was, however,
more than a proving exercise and scientific data gathering.
For Nagel it was the Trojan horse that gained him access
through the legal impediments that were stopping fire
fighters from defibrillating patients and administering
medications. He hoped to find support for his innov-
ative approach from the medical community; instead he
only encountered discouragement. Nagel recalled this
opposition:

It was a rare doctor that favored us doing any of this stuff – very

rare. We had incidents in the street when we were just sending an

EKG, where doctors on the scene would tell the firemen to quit

fooling around and haul the victim in. There were some strange

orders out in the field from doctors on the scene. The second big

force against our doing anything was from emergency department

nurses.130
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Eventually, opposition was overcome and paramedics
were given permission to undertake some emergency
procedures without radio contact. Nagel vividly recalled
the first save of the Miami paramedic program.

There was a guy named Dan Jones who was then about 60 years

old, who was a wino who lived in a fleabag in the bad part of town.

Jones was well known to rescue. In June of ’69 they got a call – man

down – it was Jones. They put the paddles on him, he was in VF,

started CPR, zapped him, he came back to sinus rhythm, brought

him in to ER and three days later he was out and walking around.

In gratitude, about a week later, he came down to Station 1, which

he had never done before, and he said he would like to talk to the

man who saved his life. They told me they had never seen Dan

Jones in a clean shirt and sober, both of which he was that day. He

would periodically come to the fire house and just say hello and he

seemed to be sober. In my talks in those days I said this was the new

cure for alcoholism. That was our first true save.130

Pantridge’s article also motivated Leonard Cobb in
Seattle. He knew the Seattle Fire Department was already
involved in first aid and therefore approached the Fire
Chief, Gordon Vickery, to propose a new training program
to treat cardiac arrest. The fire department already had
one of the first computerized systems in the USA for doc-
umenting first aid runs. Cobb realized that this system
could provide scientific documentation for the efficacy
(or lack thereof) of Pantridge’s suggestions and suggested
to Vickery that they pool their knowledge and resources.
Cobb and his colleagues then provided instruction and
training in cardiac emergencies including cardiac arrest
to volunteer fire fighters. The program became opera-
tional in March 1970, 9 months after Nagel’s first save in
Miami. The mobile unit – and there was only one at first –
was stationed outside the Harborview Hospital emer-
gency department. As Cobb himself points out, the
mobile unit was not the real innovation. Rather, it was the
concept of a tiered response to medical emergencies. The
idea was “that we would get someone out there quickly” –
via the fire department’s already existing mobile first aid
units – “and then a secondary response would come from
the mobile intensive coronary care unit.” The beauty of the
tiered response system was the efficient use of fire depart-
ment personnel, which allowed aid personnel to reach
the scene quickly (on an average of 3 minutes) to start
CPR. Then a few minutes later the paramedics arrived to
provide more definitive care such as defibrillation. In this
way the brain could be kept alive until the electric shock
converted the heart to a normal rhythm. After stabiliza-
tion the paramedics would transport the patient to the
hospital.

The Seattle paramedic program did more than pioneer
paramedics and develop a tiered response system. It was

the first program in the world to make citizens part of the
emergency system. Cobb knew from data the program had
collected that the sooner CPR was started, the better the
chances of survival. He reasoned that the best way to
ensure early initiation of CPR was to train the bystanders.
Thus Cobb, with the support of Vickery, began a program
in 1972 called Medic 2. Its goal was to train over 100 000
people in Seattle how to do CPR. Cobb recalled how the
idea was first proposed:

One day he [Vickery] said, “Look, if it’s so important to get CPR

started quickly and if firemen come around to do it, it can’t be that

complicated that other folks couldn’t also learn – firemen are not

created by God to do CPR. You could train the public.” I said, “That

sounds like a very good idea.” Shortly afterwards things started.130

By the twentieth anniversary of the Medic 2 program, over
half a million people in Seattle and the surrounding
suburbs had received training in CPR in a course of
approximately 3 hours. But some people were sceptical
about mass citizen training in CPR; indeed, many felt
the potential for harm was too great to allow such a proce-
dure in the hands of laypersons. The sceptics also had the
support of national medical organizations. The alarmist
voices were stilled by some fortunate saves. Cobb recalled
one resuscitation soon after the Medic 2 program began
involving a man who was indeed in ventricular fibrillation:

In March 1973 there were these kids playing golf at Jackson Park.

They came across a victim a quarter of a mile from the clubhouse.

But these kids had taken the CPR course over at the local high

school. Two or three of them started doing CPR and the other kid

ran off and phoned the fire department. Shortly they came with the

aid car and Medic 1 screaming over the fairways. They got him

started up again. He survived; he’s alive today (1990). That was a

very convincing story. I didn’t mind it being written up in the

Reader’s Digest.130

In early 1969 Michael Criley wondered if Nagel’s scheme
could be set up in the Los Angeles area using the services of
existing Fire Department rescue squads, which were, as
Criley later put it, “busy doing things like rescuing cats from
trees.” The mobile units began responding to emergency
calls in August1969, 2 months after the units in Miami.
Leonard Rose in Portland developed a slightly different
system, one that used private ambulance drivers as para-
medics. Having overcome legal difficulties in relation to
training, the unit was working by September 1969. In
Columbus, Ohio, Warren had long been interested in the
problem of sudden cardiac death and had set up the
region’s first in-hospital cardiac care unit in 1955. He had
been deeply impressed by Pantridge’s work and, in associ-
ation with Richard Lewis, set up a scheme with the Fire
Department that became operational in October 1969. The
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Nassau County program was unique in that police officers
were trained as paramedics. A police department-based
paramedic service also began in Grand Rapids, Michigan,
although this model was not widely imitated. Thus, the
decade of the 1960s that had started with the development
of CPR had, by its end, effective paramedic programs in six
major American cities.

The American systems were not, however, the first to have
non-medical personnel using defibrillators for prehospital
cardiac arrest. It was the Irish Heart Foundation that led the
way,131 although their pioneering work went largely unno-
ticed. Two private ambulances in Dublin were equipped
with defibrillators and the ambulance staff were trained to
use them. From December 1967 to November 1971, 20
patients who suffered a cardiac arrest either immediately
before, or after, the arrival of an ambulance were defibril-
lated by ambulance staff; 11 survived to hospital discharge.

Other schemes were set up in the UK independently of
events elsewhere, but were operational effectively only
after those in Ireland and the USA. In 1968, encouraged by
the success of the Belfast mobile coronary care unit, a pilot
coronary ambulance scheme was set up in Brighton under
the direction of William Parker, the local Medical Officer of
Health. It relied on general practitioners and medical staff
from one of the hospitals to provide medical expertise. It
responded to few calls, usually without the promised
medical cover, and the specialized equipment was rarely
used. After one unsuccessful attempt at defibrillation – due
primarily to equipment failure – the decision was made to
train ambulance personnel who manned the ordinary
emergency ambulances. These were operational from 1971
and by the end of the following decade over 40 patients per
year were being discharged alive after prehospital cardiac
arrest from a population of 300 000.132 A second initiative
was set up in Gloucester and Bristol in the South West of
England providing a service from 1972.133 Originally the
emphasis was on effective pain control and ventilation, but
soon ambulances were available that were manned by
paramedics equipped with mechanical ventilators, intra-
venous fluids, electrocardiographs with telemetry, and
defibrillators. The success of these schemes in Brighton
and the South West of England led eventually to a national
system of paramedics within the UK.

In mainland Europe, the same motivation to bring treat-
ment to patients with cardiac arrest of life-threatening
conditions took a different path. In most countries, the
decision was made to have mobile intensive care units that
were manned by physicians. The differences between the
systems in the USA and the UK on the one hand and France
and Germany (with most of Europe) have been described
by Dick.128

The quest continues

By the early 1970s, CPR, defibrillation, and a rapid means
to provide prehospital care were all in place. The structure
to resuscitate sudden death victims had been built and
was proving successful. That most of the world did not
have this structure in place in the 1970s was largely due to
lack of diffusion and spread of the ideas, combined with
reactionary local inertia, rather than the impossibility of
carrying them out.

However, the story of resuscitation does not stop with
paramedic defibrillation. By 1975, Diack had already real-
ized that electronic pattern recognition of the waveforms
of ventricular fibrillation could be used in the logic of a
defibrillator to permit or withhold the electrical dis-
charge.93 The human role could therefore be reduced to
the simple task of recognizing the possible need for defib-
rillation, applying electrodes, and activating the machine.
The first automated unit was used successfully by para-
medics in Brighton in 1980,134 and the first successful ran-
domized trial of their efficacy was published from Seattle
in 1989.135 The introduction of AEDs expanded the possi-
bility for prehospital resuscitation from cardiac arrest
enormously, because defibrillation could now be under-
taken by laypersons with modest or even no training. They
have proved successful when used in fixed sites where
cardiac arrest might be expected136,137 or where access to
conventional help is unavailable as in aircraft.138 They are
also being used within the community in so-called first
responder schemes139 and within the homes of vulnerable
patients.140

Provision of speedy defibrillation was, however, recog-
nized to be only part of the answer in the battle against
unexpected sudden cardiac death. Whilst community
instruction in CPR can reach many citizens and thus
widen the time frame for successful defibrillation,
inevitably many calls for help will come from individuals
who have not been instructed or lack the confidence to
perform poorly remembered skills. There is a role for pro-
viding instruction during the emergency itself. In 1981 a
programme to provide telephone instructions in CPR
began in King County, Washington. This programme used
the emergency dispatchers to give instant directions while
the fire department EMT personnel were en route to the
scene.141 This demonstration project increased the rate of
bystander-provided CPR by 50%. Dispatcher-assisted CPR
is now standard care for dispatcher centers in many parts
of the world.

Guidelines for best practice techniques in basic and
advanced life support have been produced by the
American Heart Association, the European Resuscitation
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Council, and by Resuscitation Councils in other parts of the
world. Increasingly, cooperation between organizations
and individuals proved valuable. The International Liaison
Committee on Resuscitation (ILCOR) was set up in 1992,142

and now provides a forum for a consensus on the science of
resuscitation that permits identical or similar evidence-
based practices to be used the world over.

Nonetheless, the last 20 years have not seen a funda-
mental breakthrough. CPR is basically unchanged since
it was first integrated into an effective system in 1960.
Defibrillation is also largely unchanged, although further
sophistication over and above those of waveform analysis
can be expected. The pharmacological management of
cardiac arrest has not demonstrated real progress over
several decades, and emergency medical services in the
twenty-first century are similar to those of the 1970s. The
quest to reverse sudden death has not stopped, but it has
also not led to a new scientific or historical breakthrough.
Increasingly, it must be accepted that cardiac arrest that
occurs in the community is a community problem and that
emergency services cannot usually be available in time to
provide successful definitive treatment. Wider involve-
ment of responders within the community has to be a key
strategy. Other significant advances are likely to require a
more complete understanding of heart and brain physiol-
ogy, and perhaps one day we will be able to counter very
much more effectively than at present both ischemic heart
disease and sudden cardiac death. Future chapters are still
to be written.
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Epidemiology is the study of the distribution and determin-
ants of health-related states or events in specified popula-
tions and the application of this study to the control of
health problems.1 Although much has been learned from
epidemiologic studies of cardiac arrest, this broad defini-
tion should be tempered by the recognition that death can
be deferred but not prevented.

Epidemiology and the study of cardiac arrest

Much of what we understand today about the basic patho-
physiology of cardiac arrest has been gained through
observational rather than randomized studies of patients
at risk for or in a state of cardiac arrest. This is only natural
since sudden death is a relatively unpredictable event that
usually occurs out-of-hospital and the victim is initially
treated by emergency medical services providers, then
transported to hospital for further triage and treatment in
the emergency department. The epidemiologic study of
cardiac arrest not only provides information about risk
factors for the onset of arrest, the current status of treat-
ment of the condition, but also suggests how to improve
treatment and directs physicians toward future studies of
resuscitation.

In broad terms, epidemiologic data are used to identify
cellular (e.g., gene mutations that predispose to arrhyth-
mias), environmental, social, educational, behavioral (e.g.,
activity level, smoking), clinical (e.g., atherosclerosis,
reduced ventricular function, diabetes), or health system
risk factors that predispose individuals to cardiac arrest or
particular outcomes after its onset. By identifying risk
factors that are amenable to modification, such as diet or

smoking, physicians have attempted to improve survival
through prevention. By identifying favorable interven-
tional factors for survival, such as early cardiopulmonary
resuscitation (CPR), physicians have improved the acute
treatment of sudden death. By identifying individuals who
have survived cardiac arrest, physicians have improved
secondary prevention by implanting devices to treat recur-
rent events. The declining rates of cardiovascular disease
observed in high-income countries2–4 suggests that there
has been some success in applying these strategies but that
there is still a long way to go.

This chapter considers the definition, the nature, and
magnitude of cardiac arrest. It describes some of the
methods used to study cardiac arrest, incidence and sur-
vival statistics, as well as particular concepts important to
understanding the literature in this field.

Definition of sudden death

An international consensus workshop classified cardiac
arrest as the “cessation of cardiac mechanical activity, as
confirmed by the absence of signs of circulation.”5 This
definition emphasizes that cardiac arrest is a clinical syn-
drome that involves the sudden (usually less than 1 hour
from onset of first symptoms until death) loss of detectable
pulse, or cessation of spontaneous breathing. If an EMS
provider or physician did not witness the event, then it may
be uncertain as to whether a cardiac arrest has occurred.
The World Health Organization proposed an alternate def-
inition that acknowledges that many cardiac arrests are
not witnessed: for those patients without an identifiable
non-cardiac etiology, sudden cardiac death includes death
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within 1 hour of symptom onset for witnessed events or
within 24 hours of having been observed alive and
symptom-free for unwitnessed events.6

Such definitions have several limitations despite their
widespread use. First, “presumed cardiac etiology” is fre-
quently used as an inclusion or a priori subgroup criterion,
but can only accurately be determined by conducting a
postmortem examination. Since it is impractical to
perform an autopsy on every fatal arrest, classification
must rely on limited information that is available to emer-
gency providers in the out-of-hospital setting or physicians
in the emergency room.7 It is frequently difficult for emer-
gency providers to ascertain whether and how long the
patient had symptoms beforehand when they are trying to
provide acute resuscitation in the field. In the absence of
precise definitions, use of the etiology of arrest as an inclu-
sion criterion will create bias. Therefore, episodes should
be included in epidemiologic studies regardless of their
etiology.

Since the likelihood of underlying disease is uncertain,
many studies presume that an arrest is of cardiac origin
unless there is another obvious cause: specifically, unless
the episode is known or likely to have been caused by
trauma, submersion, drug overdose, asphyxia, exsan-
guinations, or any other non-cardiac cause as determined
by the rescuers.(5) Such classifications are important espe-
cially for out-of-hospital cardiac arrest studies, but remain
inexact because they are subject to ascertainment bias due
to incomplete assessment on the basis of information at
the scene, or toxicology tests ordered selectively on
patients successfully transferred to hospital, and the fre-
quent lack of autopsy data.

Second, many epidemiologic studies of cardiac arrest
use emergency medical services as the sampling frame, so
unwitnessed deaths that did not result in a call for aid are
difficult to ascertain and therefore are not included. The
exclusion of such patients from a study would underesti-
mate episode incidence and overestimate survival com-
pared to a study that included them.

Third, there is geographic variation in the frequency of
“do not attempt resuscitation” declarations by individuals
and family members and whether EMS providers can
choose not to initiate or to cease efforts in the field. The
inclusion or exclusion of such patients in different epidemi-
ologic studies makes it difficult to compare the incidence
and outcome of cardiac arrest in different jurisdictions.

Reasonable alternative definitions that address these
limitations are unexpected cardiac death without any ref-
erence to duration of symptoms, and EMS-treated cardiac
arrest. The latter might include any persons evaluated by
organized EMS personnel who: a) receive attempts at

external defibrillation (by lay responders or emergency
personnel), or receive chest compressions by organized
EMS personnel; or b) are pulseless but do not receive
attempts to defibrillate or CPR by EMS personnel. This
would include those with “do not attempt resuscitation”
directives, a history of terminal illness or intractable
disease, or a request from the patient’s family to “not
treat.”

Unexpected cardiac death generally occurs in persons
with known or previously unrecognized ischemic heart
disease.8,9 Other causes of sudden death include non-
ischemic heart disease (especially arrhythmic including
ventricular fibrillation, Wolff-Parkinson-White syndrome,
long QT syndrome, Brugada syndrome, short-coupled
torsade de pointes and catecholamine-induced polymor-
phic ventricular tachyarrhythmia), pulmonary diseases
including embolus, cerebral nervous system disease, vas-
cular catastrophes including ruptured aneurysms, as well
as drugs and poisons. Patients without identifiable abnor-
malities are categorized as idiopathic. Although routine
cardiac imaging may seem normal in such patients, dis-
crete genetic or anatomic abnormalities are sometimes
identified by more sophisticated tools such as magnetic
resonance imaging, positron emission tomography, or
genetic testing. Traumatic sudden death is usually consid-
ered separately from unexpected cardiac death, because
the treatment and prognosis of traumatic and non-
traumatic arrest differ so much from each other.

Global burden of illness

Globally, cardiovascular disease contributes 30.9% of global
mortality and 10.3% of the global burden of disease.10–12 It is
responsible for more deaths than any other disease in
industrialized countries, and three-quarters of mortality
due to non-communicable diseases in developing coun-
tries. Eighty percent of deaths due to cardiovascular disease
occur in low- and middle-income countries.

In the United States, cardiovascular disease is the
leading cause of death among individuals aged greater
than 65 years, the second leading cause of death among
individuals aged 0 to 14 years and 45 to 64 years, and the
fourth leading cause of death among individuals aged 15 to
24 years (www.americanheart.org/downloadable/heart/
1103834819155FS23LCD5.pdf accessed on March 2, 2005).
Cardiovascular disease is estimated to have cost $368
billion in the United States in 2004 (http://nhlbi.nih.gov/
about/03factbka.pdf accessed on October 22, 2004).

About half of coronary heart deaths are sudden.13 Since
there were 7.2 million coronary heart deaths worldwide in

Epidemiology of sudden death 27



2002.(http://www3.who.int/whosis/ accessed on August
28, 2005), this implies there were 3.6 million unexpected
cardiac arrests. About 2/3 of these occur without prior
recognition of cardiac disease.14 About 60% of unexpected
cardiac deaths may be treated by EMS.15 Although the pro-
portion of those treated by EMS is likely less in those coun-
tries that have limited access to emergency services, this
implies that as many as 2.2 million cardiac arrests are
treated by EMS worldwide annually.

Incidence vs. survival

The wide variation in incidence and outcome after unex-
pected cardiac death is attributable in part to several
factors in addition to differences in clinical risk factors and
EMS care. Considering some of these factors requires clari-
fication of some epidemiologic concepts.

First, it is important to distinguish between two
common epidemiologic measures: incidence and survival
rate. The incidence of cardiac arrest is the attack rate of
cardiac arrest in the community. Risk factors for increased
incidence of cardiac arrest include previous health, age,
race, and gender. Early identification of modifiable risk
factors can reduce an individual’s risk of cardiac arrest.

The survival rate is the complement of the case-fatality
rate, and is defined as the number of survivors divided by
the number of individuals who experienced unexpected
cardiac death. The latter requires a specific and measur-
able definition.16 For example, subjects who inadvertently
are treated in the field, such as a person with syncope
who receives bystander CPR, should not be included.
Stratification of the denominator for a survival calcula-
tion can distort an assessment of the quality of a commu-
nity’s EMS system. For example, survival can be expressed
relative to the total number of deaths in a community, the
number of 911 dispatch calls to the area, or those who
received field interventions such as CPR or defibrillation.
Each of these groups has a particular sensitivity and
specificity for detecting true cardiac arrest. If a surveil-
lance system reports as cardiac arrest an episode that was
not, then incidence and survival are overestimated (the
latter only if the patient lives). If the system misses a true
cardiac arrest, then incidence and survival are underesti-
mated (the latter if the patient dies.) Therefore, a surveil-
lance system must assess all events in a consistent and
comprehensive manner. EMS systems that habitually
monitor their episodes sometimes utilize multiple
methods of ascertainment to do so. A process of adjudi-
cation is useful to differentiate possible cardiac arrest
from definite cases.

By changing the definition of a “case,” the denominator
is adjusted, thereby altering the apparent survival rate. For
example, Eisenberg et al. demonstrated a two-fold range in
survival rates in the same population depending on the
subgroup or denominator chosen.17 Therefore, studies
should clearly state the criteria for inclusion in the study or
registry. An alternate approach in settings where complete
ascertainment of episodes is likely to be challenging is to
compare the absolute number of survivors rather than the
proportion of survivors.16

The risk factors for survival (or mortality) after a person
has suffered a cardiac arrest can be considered separately
from those affecting incidence. These factors become
important for predicting and improving survival. Many
of these factors relate to the timeliness18,19 and quality
of resuscitation at the scene of arrest.20 Some confusion
between incidence and survival is understandable, because
some, but not all, factors that affect incidence also affect
survival. Other factors that increase incidence, however,
may not affect survival. For example, male sex is a risk factor
for incidence of sudden death, but survival rates for men
and women are similar. The following section explores
factors that influence the incidence of sudden death, and
those that predict survival from cardiac arrest.

Data sources

Data to describe out-of-hospital cardiac arrest can be
obtained from a variety of sources, each of which has par-
ticular advantages and disadvantages. Some population-
based studies use death certificates or International
Classification of Diseases (ICD) coded hospital discharge
data. Such data are frequently accessible from a central
location or computer. Moreover, such data are quite com-
plete since a death certificate is filed for all deaths.
Nonetheless, assignment of causation is inaccurate on
death certificates for several reasons. Many patients are
classified as having cardiac arrest for lack of a better diag-
nosis. Certificates can be completed hours to days after the
event, by a physician not in attendance at the time of
death. Confounding diseases, such as stroke or drug intox-
ications, present much like cardiac arrest and are likely to
be misclassified. Estimates of the incidence of unexpected
cardiac death that are based on death certificates overesti-
mate the true incidence by as much as 47%.21

Hospital discharge data are another inaccurate method
of estimating cardiac arrest because there is no specific
ICD code for cardiac arrest. Instead, several non-specific
cardiac codes are combined (e.g., ICD-9 code 390 to 398,
402, or 404 to 429) and it is assumed that these cases repre-
sented sudden cardiac arrest if the death was reported as
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occurring out of hospital or in the emergency room or as
“dead on arrival.”22 Such an approach has good sensitivity
(most people dying from “cardiac arrest” will have ceased
cardiac mechanical activity!) but poor specificity (not
every person reported as dying from “cardiac arrest” actu-
ally died primarily from cardiac arrest).

An alternate approach to studying cardiac arrest relies
on data collated from EMS patient care records. Such data-
bases usually have a more precise description of what hap-
pened to the patient immediately before and after the
onset of the episode and consequently may be more accur-
ate than death certificates. EMS databases accumulate
large numbers of patients in relatively short time periods
because they usually encompass the entire community,
thus covering a larger population than patients presenting
to a single hospital. One weakness as a data source,
however, is that they do not necessarily identify all victims
of cardiac arrest. They may miss patients treated by other
EMS providers, or not treated by EMS, or those who are
transported by the family or suffer cardiac arrest in the
emergency department or elsewhere in the hospital.

The study of in-hospital cardiac arrest has some advan-
tages over that of out-of-hospital arrest.23 There is usually a
shorter response interval until treatment, more highly
trained providers able to respond in a timely manner,
better information about events leading to the arrest, and
more complete follow-up. Critics of in-hospital studies,
however, argue that because of co-morbid illness and other
factors, the in-hospital setting fails to simulate the out-of-
hospital patient experience. To the extent that these
patients were sick enough to require hospital admission,
any cardiopulmonary arrest may not be sudden and hence
not classifiable as sudden death.

Some countries or regions have developed registries that
include detailed information on cardiac arrest victims. For
example, Sweden,24 Norway, Scotland,25 and Western
Australia have large registries of cardiac arrest data.
Recently a pilot study demonstrated the feasibility of col-
lating process and outcome data related to consecutive
cases of out-of-hospital cardiac arrest in multiple coun-
tries by using secure and confidential web-based
methods.26 Also, the American Heart Association and
National Institutes of Health are supporting an out-of-
hospital cardiac arrest registry in the catchment areas
of EMS agencies that are participating in the Resuscita-
tion Outcomes Consortium (www.uwctc.org accessed on
September 16, 2005). Collectively, these large registries will
contribute to a better understanding of the incidence and
outcome of unexpected cardiac death especially if they are
able to migrate towards using common definitions of eligi-
bility and covariates.

Accuracy of data

Epidemiologists’ ability to interpret research results is
limited by the accuracy of the data collected. It is unfortu-
nate that although the technology now exists to collect
accurate information, these methods have generally not
been incorporated into EMS care and research. Time is the
most critical factor during cardiac arrest treatment, yet
determining accurate times remains a serious obstacle.
Accurate assessment of the duration of time since the
onset of arrest has taken on increased importance since
the recognition that therapy may need to be tailored to the
duration of this interval.27 A few studies have determined
the moment of cardiac arrest or collapse with precision by
video recording of public-use areas28 or telemetry moni-
toring integrated into a defibrillator.29 Estimates of the
time of onset of cardiac arrest are used30,31 but are subject
to bias.32 An alternate approach to increasing the accuracy
of response time intervals is to synchronize all EMS-related
time pieces to an atomic clock.33

The time of the call to 911 and the time rescuers get to the
victim’s address are standard time points in most systems,
because these are collected by a central dispatcher rather
than estimated by the rescuers. Although some dispatch
centers interpret the time of call to be the time the call was
received at the dispatch center, some interpret it as the time
the call was answered, and others interpret it as the time
that EMS providers were sent to respond. Another potential
cause of variation in dispatch times is that some EMS agen-
cies use a single dispatch center, whereas others use an
initial public safety answering point that then transfers
medical calls to an EMS dispatch center for disposition.
Although response time intervals are not always included in
resuscitation registries,5 epidemiologic studies that assess
these intervals should ensure that they are measured in a
consistent manner within each EMS agency. The length of
time for rescuers to get from the vehicle to each patient’s
side can be an additional source of uncertainty and delay in
some systems.34,35 The interval from call to EMS until defib-
rillation may be a better measure of the performance of
EMS systems when compared to the interval from call to
arrival on scene.35 Few studies have accurately recorded the
moment of all treatment time points, including defibrilla-
tion, intubation, and drug administration.

Technological solutions avoid some of these problems.
Monitor/defibrillators can record time and treatments
with precision to the second. Audio or ECG recordings of
the actual arrest can be reviewed after the event to relate
the process of care to timing intervals.36,37 Electronic
patient records can capture field data and transmit it to a
central receiving station for verification, analysis, and
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interpretation. These methods may increase the accuracy
of measurements of response time intervals.

The physiologic characteristics of a patient in cardiac
arrest may also be used to estimate time or response to
treatment. Ventricular fibrillation has an underlying organ-
ized rhythm that is influenced by the underlying mecha-
nism of arrhythmia38 and predicts the duration of VF as well
as the response to treatment.39 Various morphologic char-
acteristics of ventricular fibrillation correlate with success-
ful defibrillation in animal models40–42 and observational
human data.42–44 To date, there are no prospective or con-
trolled studies that demonstrate that defibrillation guided
by waveform characteristics improves outcomes.

Elevation of the level of carbon dioxide in tissue or
exhaled air is another possible marker of duration or sever-
ity of circulatory shock.45–47 An important limitation of
using end-tidal carbon dioxide, however, is that it correl-
ates poorly with tissue levels in the absence of cardiac
output. To date, there are no published prospective or con-
trolled studies that demonstrate that resuscitation guided
by carbon dioxide levels improves outcomes.

Another source of potential inaccuracy is the interpret-
ation of the initial recorded rhythm. One study found that
paramedics could reliably differentiate large-amplitude VF
from flat-line asystole, but were not consistent in differen-
tiating fine VF from coarse asystole.48 Another identified
errors in rhythm analysis by automated external defibrilla-
tors.49 Such inconsistencies may affect survival rates by sig-
nificantly changing the subgroup identified as having VF
and hence changing the denominator, as well as by chang-
ing the likelihood of successful resuscitation. In summary,
accurate data collection during a cardiac arrest is not a
trivial matter, and development and implementation of
newer methods will be crucial to future studies.

Incidence of cardiac arrest

The true incidence of out-of-hospital cardiac arrest is
unknown. Its reported incidence in the United States is
1.9/1000 person years among those aged 50 to 79 years.14

Since the US population aged 50 to 79 is 67 667 031
(http://www.census.gov/ accessed on Aug 28 2005), this
implies 130 000 out-of-hospital cardiac arrests. The
reported incidence of EMS-treated cardiac arrest is 36/100
000 to 81/100 000 total population.15,50 Since the total
US population is 297 227 385 (http://www.census.gov/
accessed on Sep 21 2005), this implies 107 000 to 240 000
treated arrests occur in the United States annually. Of
these, 20 to 38% have ventricular fibrillation or ventricular
tachycardia as the first recorded rhythm.14,50 This implies

21 000 to 91 000 treated ventricular fibrillation arrests
annually.

The reported incidence of unexpected cardiac arrest in
Europe is 1/1000 population.51 Since the European popu-
lation is 455 489 113 (http://www.populationdata.net/
accessed on Aug 28 2005), this implies 450 000 out-of-
hospital arrests occur annually in Europe.

During the early twentieth century, the incidence of
coronary artery disease in the United States and other
high-income countries increased dramatically. In the
1940s, cardiovascular disease became the leading cause of
death, overtaking deaths caused by infectious agents. In
the early twenty-first century, cardiovascular disease has
become a ubiquitous cause of morbidity in most coun-
tries.52 This epidemiologic transition reflects increased
longevity in low and middle income countries, and thereby
increased exposure to cardiovascular risk factors. It also
reflects adverse lifestyle changes, including increased
inactivity, obesity, tobacco use, and consumption of fats.
Nonetheless, there has been a steady decline in morbidity
and mortality from most cardiovascular diseases in high-
income countries over the last 30 years.2–4 Much of this
reduction has been attributed to modification of risk
factors.53 Although the incidence of ventricular fibrillation
and cardiac arrest with any first initial rhythm is decreas-
ing over time,50 there has been little improvement in sur-
vival from cardiac arrest.54,55

Unexpected cardiac death in children

Unexpected cardiac death in children merits special consid-
eration in the field of acute resuscitation, because its inci-
dence, etiology, prognosis, and treatment differ from those
of out-of-hospital adult episodes. The reported incidence of
out-of-hospital pediatric unexpected cardiac death is 2.6 to
19.7 annual cases per 100 000.56 Unexpected death in the
pediatric patient is usually due to trauma, sudden infant
death syndrome, respiratory causes or submersion,57 but
ventricular fibrillation is still commonly observed.58 The
reported average survival to discharge is 6.7%. Children with
submersion or traumatic injury have a poorer prognosis.

Unexpected cardiac death in hospital

Unexpected cardiac death in hospital also merits special
consideration because of its unique characteristics. A large
multicenter cohort study of in-hospital cardiopulmonary
arrest events excluded events that occur out-of-hospital
to avoid double counting.59 For adults, the reported
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incidence of unexpected cardiac death in hospital was
0.174 �0.087 per bed per year. The commonest causes
of these events were arrhythmia, respiratory distress,
hypotension, or myocardial infarction. The average sur-
vival to discharge was 17%.

High-risk subgroups

The patients at highest risk for cardiac arrest account for
only a small portion of arrests in the community.60 The
largest number of cardiac arrests in the community occur
in the low-risk general public simply because there are so
many more of these individuals than those in the high-risk
subgroups.

Witnessed VF is commonly used to assess the efficacy of
an EMS agency, because it provides a homogeneous popu-
lation for analysis that is readily responsive to timely inter-
vention.61 It is to be hoped that survival figures may
become more closely comparable among communities by
use of such a definition; but this may not be true because
VF is correlated with response time.62 A potential limitation
to this approach is that as the subgroup becomes smaller,
the results become less applicable to the larger population.
Also, focusing on a subgroup of patients with a particular
initial rhythm rather than all treated cardiac arrests may
give a biased sense of outcomes. By considering only
patients with ventricular fibrillation, one may underesti-
mate the burden of illness and improvements in treatment,
because the incidence has decreased and rates of survival
to hospital admission or discharge have been static over
time for ventricular fibrillation but not pulseless electrical
activity or asystole.50 The updated Utstein template and
recommendations offer some logical guidelines for inves-
tigators reporting on subgroups.5

Calculating incidence of cardiac arrest

Incidence is the occurrence rate per year for a disease
within a population at risk. It is usually calculated by taking
a ratio of the number of persons developing a disease each
year divided by the population at risk. This “simple” meas-
urement becomes quite complicated when applied to
cardiac arrest because of the effect of age on the incidence.
Many cardiac arrest studies reported incidence as the
number of cardiac arrests per year divided by the popula-
tion within the region. If we use Seattle with a census popu-
lation of 460 000 aged 20 years or older as an example, there
were 372 cardiac arrests within the metropolitan area
during 2000, an incidence of 372/460 000/yr or 0.81 cardiac

arrests/1000/yr. Focusing on the adult population in this
manner is common, and underestimates the total number
of arrests slightly, but not the incidence since cardiac arrest
is uncommon in the pediatric population.

A separate but related issue is that incidence rates are
usually based on the census population of the catchment
area of the EMS agency even though the number of indi-
viduals fluctuates by time of day and day of week. A city
that has a large population ingress during the working
week may appear falsely to have an elevated rate of unex-
pected cardiac death.

If large unaccountable differences in incidence are
present, there are important public health questions that
require investigation and may prove critical for efforts to
improve survival. Likewise, this information may be useful
for comparing survival statistics from different commu-
nities. Therefore incidence should be routinely reported in
cardiac arrest studies.

Risk factors for incidence of cardiac arrest

Despite considerable study, the real causes of sudden death
remain obscure. Predicting how a complex system with
multiple interrelated elements responds to a variation in an
individual component is a general problem in systems
biology. Atherosclerosis is likely a factor in the majority of
cases; structural and congenital abnormalities, fibrosis,
and conditions such as myocarditis contribute to most of
the rest.15 Many risk factors for cardiac arrest, such as
hypertension and hypercholesterolemia, are present for
long periods of time and are likely to be identified any time
an individual is evaluated. Others are evanescent, difficult
to document, and less understood. Here, risk factors are
classified as cellular, phenotypic, environmental, social,
educational, behavioral, clinical, or health system risk
factors. A combination of these factors is usually present. In
each group, risk factors can be divided into those that are
fixed (so-called “fate” factors) and those that can be modi-
fied to some extent. The latter may evolve over time or be
transient. Evolving factors that may modify the risk of lethal
arrhythmia include cell membrane levels of polyunsatu-
rated fatty acids,63 ion channel function,64 and local or sys-
temic inflammation.65 Transient factors that may suddenly
trigger a lethal arrhythmia include transient ischemia and
reperfusion, transient systemic factors, transient auto-
nomic and neurohumoral factors, and toxic/proarrhyth-
mic effects.13 The interplay of these factors is complex, as
socioeconomic gradients exist in some circulating factors
that are not fully explained by health-related behaviors or
risk factors for coronary heart disease.66 Efforts should be
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made to modify risk whenever feasible. A caveat to this
approach is that population stratification approaches, such
risk factors derived from the Framingham Heart Study,
predict well the risk of events in large community groups,
but less well the risk of specific asymptomatic individuals.

Cellular

Animal experimental, cell biology, genetic, nutritional, and
epidemiologic studies demonstrate that cellular con-
stituents such as cell membrane and free fatty acid levels of
n-3 polyunsaturated fatty acids (PUFAs) alter cardiac ion
channel function, modify cardiac action potential and
reduce myocardial vulnerability to ventricular fibrilla-
tion.67 These findings have important clinical and public
health implications, because n-3 PUFA levels can be
altered by inexpensive changes in dietary intake.
Specifically, ingestion of one fatty fish meal a week is asso-
ciated with a marked reduction in sudden cardiac death.

Elevations in plasma non-esterified fatty acid (NEFA)
levels68 and high-sensitivity C-reactive protein (CRP)
levels65 or decreased long-chain n-3 fatty acid levels are
independently associated with elevated risk of unexpected
cardiac death. It remains unclear whether elevation of
CRP indicates an underlying inflammatory pathological
process or whether it is directly proarrhythmic.

Genetically based risk factors for cardiac arrest may
include factors that facilitate the onset of ischemia and
infarction, including activators of plaque rupture and
thrombogenesis; alterations in neuroendocrine signaling,
including differences in transmitter pathways that con-
tribute to sympathetic–parasympathetic imbalance; and
potential triggers or attenuators of cardiocyte membrance
excitability and transcellular conduction.69,70 Molecular
genetic analysis has identified an inherited disease and
likely cause of death in 40% of families with at least one
member who had unexplained cardiac death at age 40
years or less.71 A caveat to the potential role of genetic
screening to identify mutations that predispose to arrhyth-
mia is that familial clustering of cardiac death may reflect
shared environmental or genetically transmittable abnor-
malities. Regardless of which of these is correct, familial
risks for sudden death are separable from familial risks for
myocardial infarction.68,72

Identification of cellular and genetic risk factors for
cardiac arrest may have therapeutic implications. For
example, KvLTQ1 gene mutations are predisposed to
arrhythmias that may be more responsive to beta-
blockers;73 carriers of SCN5A gene mutations are predis-
posed to arrhythmias that may be more responsive to
electrical defibrillation.74

Environment

The incidence and outcome of cardiac arrest vary by time
of day, day of week, or season.75–80 Data from the
Framingham study show that the highest risk for MI is on
awakening and it decreases progressively during the day.
Various physiologic processes have been considered to
explain this phenomenon, such as increased clotting or
increased parasympathetic instability. Some researchers
have suggested that part of the morning peak in cardiac
arrest may be due to a reporting artifact (i.e., the patients
really die during the night but are not discovered until early
morning). Potential interventions to reduce periodic vari-
ation in unexpected cardiac death include resource alloca-
tion of EMS and hospital resources to match anticipated
need.

Social

Disparities in incidence of cardiac arrest are observed
across socioeconomic gradients as well as across geo-
graphic region.81–87 Cardiovascular disease is the leading
cause of income-related differences in premature mortal-
ity in the United States,88 and Canada.89 Non-hispanic
blacks bear a disproportionate burden of morbidity and
mortality due to cardiovascular disease.90 These disparities
may be caused by differences in genetic risk, health behav-
iors, educational attainment, socioeconomic disadvan-
tage, access to preventive care, or other yet to be identified
variables. As understanding of the magnitude and cause of
these disparities increases, potential interventions include
culturally appropriate public health initiatives, commu-
nity support, and equitable access to quality care.

Behavioral

Cigarette smoking is thought to be the single most import-
ant cause of preventable death in the United States. An
estimated 438 000 persons in the United States die prema-
turely each year due to exposure to tobacco smoke.91 The
deleterious effects of smoking may be mediated through
increased plasma catecholamines, heart rate, and arterial
blood pressure; production of coronary spasm; and
increases in myocardial work and oxygen demand with
concomitant reduction in oxygen supply.92 Collectively,
these effects lower ventricular fibrillation thresholds. In
patients who successfully quit smoking, rates of sudden
death return to near normal over time. Of great concern is
the effect of “passive smoking,” which has been associated
with an increase in smoking-related disease, primarily
heart disease.93
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Exercise, much like weight loss, can be both good and
bad. Persons who exercise regularly have a decreased inci-
dence of coronary artery disease compared to persons who
are sedentary,94 and decreased mortality in those with that
disease who exercise compared to those who do not.95

Nevertheless, the heavy exertion with exercise is associated
with an increase in acute events, such as MI. A period of
strenuous activity was associated with a temporary
increase in the risk of having an MI for about 1 hour after
the exertion.96 Heavy exertion in persons who do not exer-
cise regularly was associated with the highest risk.

Use of street drugs is associated with unexpected cardiac
death. Cocaine use is associated with severe and cata-
strophic heart disease in many individuals. It increases
adrenergic stimulation by blocking the presynaptic reup-
take of norepinephrine and dopamine, thus causing an
increased sensitivity to catecholamines. The combined
effect of cocaine and cigarette smoke is worse than either
one alone.97 Opioids are also associated with cardiac
arrest.98 Both cocaine and methadone prolong QT inter-
vals, predisposing to ventricular arrhythmias.99

Moderate alcohol intake is associated with reduced car-
diovascular mortality compared to no alcohol intake,
although the mechanisms by which alcohol is protective
remain unclear. This effect is thought to be mediated
through increased levels of HDL.100 Nevertheless, heavy
consumption is associated with increased mortality, an
effect sometimes referred to as “holiday heart” because it is
often associated with binge drinking in otherwise healthy
people during weekends.101 In the Physicians’ Health
Study, after controlling for multiple confounders, men who
consumed two to six drinks per week had a 60 to 80%
reduced risk of unexpected cardiac death compared to
those who rarely or never consumed alcohol.102 In the
British Regional Heart Study, the relative risk of unex-
pected cardiac death in those who drank more than six
drinks per day was twice as high as occasional or light
drinkers.103

Emotional factors influence the occurrence of cardiac
disease. Characteristics such as anger, chronic stress,
aggressiveness, anxiety, and hostility are difficult to
measure objectively, however, and there are many con-
founding issues. Educational attainment moderates the
risk of acute infarction due to anger.104 Studies have yet to
confirm a definite relationship between emotional factors
and cardiac arrest.

Clinical

Sudden death has been associated with all forms of cardiac
disease. The rates of sudden death parallel the prevalence

of risk factors for coronary artery disease. Known coronary
artery disease or a previous episode of sudden death
remains the greatest risk factor for sudden death.

Cardiac arrest is particularly common in patients with
established cardiovascular disease. Patients with acute
coronary syndromes (ACS) or myocardial infarction (MI) are
at high risk of dying (i.e., >5%) within 30 days of presenta-
tion, regardless of whether ST-segment elevation is present
or absent.105 The risk of death remains elevated for at least 6
months in patients with ACS,106 and for at least 1 year in
patients with MI.107 Patients with ventricular dysfunction
are at higher risk than those without.108 At least one-half of
these deaths are suspected to have an arrhythmic mecha-
nism.109 Several non-invasive diagnostic tests may identify
patients who are at high risk of cardiac arrest, but have low
sensitivity and specificity,110 and are generally available only
in tertiary care centers. More than 1 000 000 patients are dis-
charged with MI, and more than 780 000 patients are dis-
charged with a primary diagnosis of ACS in the United States
each year.(http://www.cdc.gov/nchs, accessed on June 9,
2002) Since more than 16% of these have a left ventricular
ejection fraction (EF) � 40%,111 thousands of individuals are
annually at increased risk of cardiac arrest.

Ischemia and reperfusion, which occur commonly
during the early phases of MI, are clearly associated with
arrhythmias. Because only 20% of sudden cardiac death
victims have acute infarction, it is assumed that transient
ischemia rather than infarction has a major role in trigger-
ing sudden death. Transient systemic factors, such as
hypoxia, hypotension, acidosis, or electrolyte abnormal-
ities, can affect electrophysiologic stability and suscepti-
bility to arrhythmias. A vigilant search should be made for
an underlying cause of arrhythmia even in the setting of
electrolyte abnormalities, however, as hypokalemia may
be a cause or consequence of cardiac arrest.112

Congenital or acquired arrhythmias are a known risk
factor for cardiac arrest. Unfortunately, the severity of risk
is not well defined because of the many associated factors
that may confound evaluation of a particular patient.
Deaths in athletes have drawn considerable public interest
to this problem. Although known arrhythmias increase the
chance of cardiac arrest, the degree to which various
arrhythmias increase the chance of cardiac arrest is diffi-
cult to predict precisely. Screening of athletes for risk of
arrhythmia lacks sensitivity and specificity.113

The rate of cardiac arrest increases exponentially with
increasing age. The rates for cardiac arrest are substantially
higher at any given age for men than for women. Since
more women in the population are older than men, the
overall incidence by gender are similar, although women
are at less risk at any particular age.
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Race is an important risk factor for many cardiovascular
diseases. Blacks have a higher rate of hypertension, left
ventricular hypertrophy, renal disease, and diabetes com-
pared to whites. As a consequence of these differences in
the distribution of risk factors, the incidence of cardiac
arrest is significantly higher in blacks than in whites.81

Hypertension predisposes patients to develop CAD,
cardiac hypertrophy, congestive heart failure, stroke, renal
disease, and sudden death. The risk is continuous, without
evidence of a threshold, down to blood pressures as low as
115/75.114 Twofold to threefold increases in CAD are seen in
patients with systolic blood pressure above 160 or diastolic
blood pressures above 95.115 Hypertension affects about 65
million persons in the United States,116 and may affect
more than 90% of individuals during their lifetime.117 As
many as two-thirds of affected Americans are untreated or
undertreated.118 This care gap has important public health
implications since randomized trials have definitively
shown that treatment of hypertension reduces the risk of
cardiovascular events and mortality.119

Elevations of serum cholesterol and triglycerides are
known risk factors for cardiac death. The risk of CAD
increases as total cholesterol increases, with low-density
lipoprotein (LDL) cholesterol associated with elevated risk
and high-density lipoprotein (HDL) cholesterol associ-
ated with decreased risk.120 Elevated triglycerides are
especially of concern for women.121 The levels of lipids are
thought to be mediated through an unclear combination
of hereditary predisposition and diet. Strict control of diet
(less than 10 g of fat per day) can even cause regression of
preexisting CAD.122 Reduction of dietary saturated fat and
partial replacement by unsaturates for at least 2 years
reduces cardiovascular events, and cardiovascular and all-
cause mortality.123

Obesity is an independent risk factor for cardiac disease.
The prevalence of obesity among adults aged 20 to 74 years
has risen from 13% to 31% during the past 25 years,124–126

despite a decrease in the prevalence of all other risk factors
except diabetes over time across all body mass index
groups in the United States.127 Similar increases in obesity
have been observed in other high-income countries.

Diabetes is associated with increased CAD. The preva-
lence of diabetes is increasing over time in the United
States.128 About 10% of the population have diagnosed or
undiagnosed diabetes. Diet, exercise, and tighter control
over glucose levels may lower the increased risk of CAD
associated with diabetes. Since diabetics have an elevated
incidence of hypertension, control of blood pressure will
also reduce the risk of CAD and renal failure. Renal failure
is associated with an increased incidence of cardiac
arrest.129

Male patients presenting with impotence related to vas-
cular disease are at high risk for sudden death.130 More
than two-thirds of males admitted with acute MI were
found to have had significant complaints of sexual dys-
function before infarction.131 Therefore physicians evalu-
ating patients with non-cardiac vascular disease should
ensure that these patients are evaluated for cardiac risk
as well.

Health system

There is incontrovertible evidence that implantable car-
dioverter defibrillators reduce the risk of unexpected
cardiac death in those with elevated risk of arrest or those
who have survived an initial event.132 Implantation of these
devices shortly after an acute cardiovascular event is delete-
rious,133 but non-invasive alternatives exist.134 Nonetheless,
antiarrhythmic devices are potentially underutilized in
some settings.135

A variety of prescription and non-prescription pharma-
ceutical agents increase or decrease the risk of arrhythmia
or cardiac arrest (Table 2.1). Drugs that have the most sig-
nificant impact on mortality due to cardiac arrest lack
direct electrophysiological effects on myocardial excitabil-
ity.136 This implies that these agents act on proximate
events that can predispose to lethal arrhythmias (e.g.,
ischemia, fibrosis). Other agents decrease cardiovascular
or all-cause mortality, but have not been demonstrated to
decrease cardiac arrest. The latter outcome likely reflects
lack of statistical power to detect a difference in an event
that is infrequent compared with events or mortality.
Nevertheless, lack of demonstrated benefit specific to
cardiac arrest should not be interpreted as lack of need to
prescribe agents that are otherwise effective in those with
cardiovascular disease.

Pharmaceutical agents act via diverse mechanisms
to modify the risk of arrhythmia or arrhythmic death.
Angiotensin-converting enzyme (ACE) inhibitors
decrease the incidence of ventricular tachycardia inde-
pendent of changes in ejection fraction in humans with
heart failure.137 ACE inhibitors may block remodeling by
cardiac myocytes,138 or reduce ventricular fibrillation in
the setting of acute coronary occlusion and reperfusion.139

Randomized trials demonstrate that ACE inhibitors
reduce the risk of sudden cardiac death by 20% in patients
after myocardial infarction.140 Aldosterone antagonists
decrease cardiac deaths including those due to sudden
events in patients with heart failure, perhaps due to blunt-
ing of myocardial fibrosis and hypokalemia that predis-
pose to arrhythmias.141 Beta-blockers attenuate the toxic
effects of norepinephrine upon cardiac myocytes,142
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improve systolic function and reverse statistics,143 and
reduce death due to cardiac arrest in patients with heart
failure.144–148

Disorders of endothelial function, inflammatory
responses, plaque stability, and thrombus formation pre-
dispose to cardiovascular events.149–151 Statins reduce
serum cholesterol but also modify these factors. Random-
ized trials have demonstrated that statins reduce all-cause
mortality and sudden cardiac death in those with and
without coronary artery disease.152,153 Although there is
some evidence that elevated cholesterol is not an inde-
pendent risk factor for cardiac death,65 “statin” inhibitors
of hydroxyglutaryl-CoA reductase reduce CRP expression
levels.

Although observational studies suggested that digoxin
was associated with increased risk of cardiac arrest,154 a
large randomized trial demonstrated that digoxin therapy
does not increase this risk in patients with symptomatic
heart failure and reduced ventricular function.155

To date, all drugs that enhance cardiac contractility,
regardless of mechanism, have been shown to increase
mortality among those with symptomatic heart failure
and decreased ventricular function.156–159 This increased
mortality is attributable to sudden death, presumably

due to lethal ventricular arrhythmias. Class IC antiarrhyth-
mic agents (e.g., flecainide, encainide, and moricizine)
suppress ventricular arrhythmias but are associated with
increased mortality due to cardiac arrest.160,161 Pure class III
agents have also been evaluated as antiarrhythmic agents.
D-Sotalol was associated with significantly increased
mortality and sudden arrhythmic death compared to
placebo.162 Dofetilide reduced atrial fibrillation, but not
total mortality, ventricular tachycardia, or ventricular
fibrillation in patients with heart failure and reduced
ventricular function, and was associated with a 3% inci-
dence of torsade de pointes.163

Amiodarone has little proarrhythmic effect and does
not worsen heart failure.164,165 It reduces modestly arrhyth-
mic death in patients with heart failure or previous myocar-
dial infarction.166–171 Amiodarone reduced the composite
cardiovascular endpoint of death, recurrent ventricular
tachycardia or fibrillation, or syncopal ICD shocks by
44% compared to conventional therapy guided by
electrophysiological testing or Holter monitoring in sur-
vivors of ventricular fibrillation.172 There was an important
but non-significant reduction in recurrence of potentially
lethal arrhythmia after 2 years of therapy. The lack of a
placebo arm in this trial limits its generalizability, as it is
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Table 2.1. Effect of drugs on long-term risk of cardiovascular death and cardiac arrest

Effect on Cardiovascular Effect on Cardiac Arrest 

Drug Mortality Mortality

Angiotensin-converting – –

enzyme inhibitors

Aldosterone antagonist – –

Beta-blockers – –

HMB coreductase inhibitors – –

Amiodarone – –

Angiotensin-receptor blockers � �

Thrombolytic therapy – –

Low molecular weight heparin � �

Iib/IIIa receptor antagonists � �

Clopidogrel – �

ASA – �

Warfarin – �

Digoxin � �

Drugs that prolong QT intervala � �

Vaughan-Williams Class ICb � �

Vaughan-Williams Class IIIc � �

Inotropes � �

Cyclooxygenase inhibitors � �

a Includes, but not limited to: selected antiarrhythmic agents, terfenadine, astemizole, cocaine, methadone.
b Flecainide, Encainide.
c D-Sotalol, dofetilide.



unclear whether the benefit is due to amiodarone or the
harmful effects of conventional antiarrhythmic drugs
(mainly class I agents in this case.)

Angiotensin receptor blocker agents (ARBs) decrease
serum inflammatory markers173 and decrease thrombosis
via increased tissue-plasminogen activator (t-PA) and
decreased plasminogen activator inhibitor-1 (PAI-1)174 in
patients with heart failure. Randomized trials of ARBs have
demonstrated heterogeneous effects on reduction of all-
cause mortality and sudden cardiac death compared to
captopril in patients with heart failure or acute infarc-
tion.175–177

Coronary plaque rupture precipitates thrombosis, infarc-
tion, and thereby sudden death. Successful reperfusion on
an infarct-related artery increases electrical stability at the
edge of the infarcted area, and reduces the subsequent risk
of ventricular arrhythmias.178 Thrombolytic therapy reduces
the risk of all-cause mortality and to a variable degree
sudden cardiac death in patients with acute myocardial
infarction.179 There are inconclusive trial data regarding the
effect of low-molecular weight heparin,180 platelet glycopro-
tein IIb/IIIa receptor antagonists,181 or clopidogrel182 upon
all-cause mortality and unexpected cardiac death in
patients with acute infarction or acute coronary syndromes.
Chronic antiplatelet therapy with aspirin reduces the odds
of vascular death in high-risk individuals, but the benefit is
smaller and not significant in low-risk individuals.183

Warfarin reduces all-cause mortality in patients with coro-
nary artery disease but is associated with increased risk of
bleeding.184

Drugs such as quinidine, erythromycin, psychotropic
drugs, cocaine, and terfenadine that produce proarrhyth-
mic side effects can be associated with prolongation of the
Q-T interval and an increased risk of sudden death.

Variation in process and outcome after
unexpected cardiac death

There is a wide geographic variation in outcomes after the
onset of cardiac arrest.185,186 This is attributable in part to
regional differences in the availability of out-of-hospital
and hospital-based emergency cardiac care.185 Potential
interventions for out-of-hospital cardiac arrest include:
bystander CPR, lay responder defibrillation programs,187

experienced EMS providers,188 and interventions provided
by EMS providers189,190 or at receiving hospitals.191,192 Only
lay responder defibrillation and therapeutic hypothermia,
however, have been shown in randomized trials to improve
significantly outcomes to hospital discharge after cardiac
arrest.

Also there is regional variation in EMS processes such as
EMS service level provided, number of EMS providers
responding, use of procedures or drugs in the field, train-
ing, quality assurance/feedback, and response time inter-
vals. Some of these factors have been associated with
differences in survival or quality of life after resuscita-
tion,186,193–196 although no analysis has had adequate power
to detect independent effects of all factors.

The median reported rate of survival to discharge after
out-of-hospital unexpected cardiac death with any first
recorded rhythm is only 6.4%.186 It is likely that this over-
estimates the actual rate of survival in many communities
because of publication bias. In many large urban areas the
rate is less than 2%,34,197,198 and it is even lower in some
cities and rural areas. Most communities are not aware of
their own survival rates as cardiac arrest data are not rou-
tinely tracked. Yet a city with an organized emergency
medical service (EMS) system and dedicated quality assur-
ance can achieve survival of 15 to 20%50 (and Unpublished
data, Seattle Medic One program, August 28, 2005). If
the average survival could be improved from 5 to 20% by
optimizing the chain of survival, the premature deaths of
16 000 to 36 000 in North America, or 67 500 in Europe
could be prevented each year.

There are several challenges to improving survival from
cardiac arrest. Successful treatment depends more on
when treatment is done than on what is done. The most
crucial treatment takes place outside the hospital by citi-
zens and trained rescuers. Treatment crosses medical dis-
ciplines, with EMS providers, emergency physicians,
cardiologists, anesthesiologists, critical care physicians,
and primary care physicians all involved in delivering care
and contributing to research. Treatments are relatively
standardized, but what generates considerable contro-
versy is the timely delivery of care. The latter depends on
the implementation and maintenance of an integrated,
community-wide, emergency cardiac care system that has
been referred to as the chain of survival.199,200

The chain includes early access, early CPR, early defib-
rillation, and early ACLS. The strength of the chain of sur-
vival is the strongest predictor of survival for victims of
cardiac arrest. It is not measured directly in studies as a
single variable because it includes many interlinked
factors. During treatment of cardiac arrest, single factors
are less important than how and how quickly all the treat-
ments are put together. Communities that have effective
chains of survival will have good survival rates; conversely,
communities that have even one weak link in the chain will
suffer poor survival rates.

Identification, monitoring, and comparison of out-
comes after EMS care among communities is desirable
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because it aids development of better systems. Since
treatment of cardiac arrest is generally initiated by the
EMS system, it is crucial for system managers to make
decisions about what system or set of protocols works
best. Difficulties in reporting survival rates and compar-
ing results among communities make it difficult to deter-
mine how much survival benefit can be obtained from
a particular intervention, such as upgrading equip-
ment or changing the CPR protocol. The Utstein guide-
lines are an important step to improving uniformity in
reporting survival rates. These guidelines aim for use of
clear standardized definitions in an effort to facilitate
comparison of community survival rates and logical sub-
group analysis.

As already indicated, the primary obstacle to effective
treatment is time. Whereas it is relatively easy to know the
best treatment for victims of cardiac arrest, the difficulty
lies in providing that treatment rapidly. It is the extended
time until defibrillation and treatment that is responsible
for most deaths from cardiac arrest. Since time relates pri-
marily to the structure of the emergency cardiac care
system within the community, changes that reduce the
response time intervals should improve survival.

The multiple factors that affect survival after cardiac
arrest are described below: risk factors are classified as
social, educational, behavioral, clinical, or health system
risk factors.

Risk factors affecting survival from sudden death

Social

Socioeconomic status is an important factor in predicting
survival from cardiac arrest.201 In Seattle, high socioeco-
nomic status estimated was associated with a 1.6-fold
increase in survival rate, after adjustments for age, wit-
nessed collapse, bystander-initiated cardiopulmonary
resuscitation, time from call to paramedic arrival, activity,
location of collapse, and chronic morbidity. Part of the
challenge of separating socioeconomic status from asso-
ciated factors (e.g., race or geography) is the need to
assess the validity of the surrogate estimate of socioeco-
nomic status. It is unclear whether a single value (the
socioeconomic status surrogate) reflects an individual’s
cumulative lifetime experience with the health care
system, diet, exercise, smoking, stress, and the factors
thought to be mediators of socioeconomic status.
Determining the role of socioeconomic status in inci-
dence and survival from cardiac arrest is a worthy but
complex analytic task.

Location

A large proportion of cardiac arrests occur in the patient’s
home.24,202 Such patients are older, less often witnessed,
less often receive bystander CPR, and have a longer inter-
val between collapse and the arrival of EMS providers.203,204

Even when these factors are accounted for, arrest in the
home is an independent predictor of adverse outcomes.
Persons who venture into public places are unlikely to be
healthy.

Witnessed cardiac arrest

Witnessed cardiac arrest has been consistently observed to
be an important predictor of successful resuscitation.205 It
is only logical that people who suffer unwitnessed cardiac
arrest will not fare well. Those with witnessed arrest who
are treated promptly have a particularly good prognosis.
Extended resuscitation efforts on some of these individu-
als may be futile.206–208 Criteria exist for field termination of
resuscitation, as ongoing efforts may not be justifiable in
those who do not achieve restoration of circulation,
because of the cost and risks of speeding ambulances to
both rescuers and citizens. Yet successful resuscitation is
occasionally observed after prolonged CPR.209,210–213 These
discordant results reflect a need to tailor therapy to the
duration of time since the onset of arrest.27

Clinical

Initial cardiac rhythm

Which cardiac rhythm is present upon arrival of EMS
providers is an important predictor of outcome. The likeli-
hood that the initial recorded rhythm will be ventricular
fibrillation depends on the time interval since the onset of
arrest.62 Patients in VT or VF are several times more likely to
survive than are patients with asystole and PEA. But
patients who are not in ventricular fibrillation are indeed
resuscitated with ACLS treatment. For example, 13% of
those who survived cardiac arrest in Seattle, WA in
1999–2000 were initially in one of the poor prognostic
rhythms (asystole or PEA).50 Although the rate of survival to
discharge remains low in these latter groups, the propor-
tion of patients admitted to hospital has increased over
time. Thus, resuscitation attempts and further research are
warranted for these patients.

Age

Age is an independent factor in survival from cardiac
arrest, but is not as strong a predictor as many other
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factors. Although some controversy exists with respect to
resuscitation in elderly persons, studies so far show that
many older persons do quite well after cardiac arrest.
Nevertheless, elderly patients have lower survival and
quality of life after resuscitation compared to the non-
elderly.214 Some of these differences reflect the presence
or absence of prior comorbid illness.215 A 10-year increase
in age resulted in a decrease in survival rate of 10 to
50%.81,201

Gender

The effect of gender upon outcomes after cardiac arrest is
unclear. A single-center observational study suggested that
survival to discharge rates for women and men are about
the same.216 However a large community-based cohort
study suggested that women had markedly reduced rates
of ventricular fibrillation (VF), slightly older age, fewer wit-
nessed arrests, and fewer arrests in public locations than
men.217 Unadjusted survival rates were lower in women
than in men (11% vs. 15%, P�0.0001). Women had similar
survival after adjustment for VF (OR, 0.97; 95% CI, 0.85 to
1.11) and after adjustment for VF plus additional factors
(OR, 1.09; 95% CI, 0.93 to 1.27).

Race

Race is an significant and important independent predic-
tor for survival from cardiac arrest.81,218 In Chicago, the
survival rate for blacks was 0.8% compared to 2.6% for
whites. Blacks were found to have significantly fewer wit-
nessed cardiac arrests or favorable initial rhythms, were
less likely to receive bystander CPR, and to be admitted to
the hospital. When they were admitted, blacks were half as
likely to survive. There was no important difference in the
response time for EMS. In Seattle, the initial resuscitation
rate was low in black victims (17.1% vs. 40.7%), and rates of
survival to hospital discharge were also lower in blacks
(9.4% vs 17.1%). The differences in outcomes were not fully
explained by features of the collapse or relevant EMS
factors. Possible explanations for the racial gap in out-
comes after cardiac arrest include less bystander-initiated
cardiopulmonary resuscitation, poorer levels of health,
and differences in the underlying cardiac disorders.
Improving survival for blacks could be accomplished by a
general strengthening of the chain of survival for all citi-
zens. In addition, problems in the chain of survival specific
to the black community need to be sought and targeted for
improvement.

Health system

Bystander cardiopulmonary resuscitation

Since its rediscovery by Kouwenhoven, Jude, and
Knickerbocker in 1954,219 external chest compressions
coupled with ventilation (CPR) have been shown to be life-
saving, in numerous studies conferring a twofold to three-
fold increase in survival rate.205,220,221 Despite such benefit,
many members of the general public are not well trained in
this technique. The elderly and minorities are less likely to
be trained, to be familiar with what CPR is or how to be
trained to perform it,222 and less likely to perform it at the
time of arrest.81,82 Teaching CPR to citizens can be substan-
tially improved. An effective program for training older
people, who are more likely to be present at an arrest, to
perform CPR has not been developed. Most communities
have rates of bystander CPR around 20 to 30% of arrests.
Short video-based, self-instruction programs of CPR train-
ing, however, have achieved initial competency equivalent
to standard CPR.223 Broad implementation of such pro-
grams may improve the likelihood of bystander CPR in the
next decade.

Lay responder defibrillation

Lay responder or public access defibrillation is a strategy
that consists of training and equipping lay volunteers to
use defibrillation while awaiting arrival of emergency
medical services (EMS) providers. A large randomized trial
evaluated the effectiveness of public access defibrilla-
tion.224 Participating sites were communities served by
EMS systems that provided advanced life support. Each
site identified distinct units within their service area (e.g.,
office buildings, public areas). Volunteer lay responders in
both control and intervention units were trained to: (a) rec-
ognize cardiac arrest, (b) dial 911, and (c) perform CPR.
Units randomized to intervention also received training in
application of an AED. The intervention was designed to
place a trained lay responder, with an AED in CPR�AED
units, at the side of an individual experiencing arrest
within 3 minutes of event identification.

The study population comprised individuals with out-
of-hospital sudden cardiac arrest. More than 19 000 volun-
teer responders in 24 North American regions participated.
There were more survivors to hospital discharge in the
units assigned to have volunteers trained in CPR plus the
use of AEDs (30 survivors among 128 arrests) than there
were in the units assigned to have volunteers trained only
in CPR (15 among 107; P�0.03; relative risk, 2.0; 95 percent

38 G. Nichol and D. Baker



confidence interval, 1.07 to 3.77); there were only two sur-
vivors in residential complexes. This trial confirmed that
training and equipping volunteers to attempt early defib-
rillation within a structured response system can increase
the number of survivors to hospital discharge after out-of-
hospital cardiac arrest in public locations. Trained lay-
persons can use AEDs safely and effectively.

Paramedic-witnessed cardiac arrest

Cardiac arrest witnessed by paramedics deserves special
attention. This includes all patients who suffer arrest after
the arrival of rescuers; they or others have called for help
from 911 before arrest, usually for chest pain or shortness
of breath.225 They account for less than 15% of cardiac
arrests in most series. These patients may have an under-
lying pathologic condition that is somewhat different from
that in sudden death since they have symptoms longer
(and are able to call for help). Of note, not all of these
patients have an initial recorded rhythm of ventricular fib-
rillation or ventricular tachycardia. In addition, because
their cardiac arrest has occurred in the presence of para-
medics, they may provide a better indication of how well
the EMS performs than the overall community-wide
survival rate. Patients who are witnessed by paramedics
have a two- to threefold increase in survival rate compared
with those not witnessed by paramedics.

Short treatment intervals

The chance of survival diminishes with each passing
minute without CPR, defibrillation, or advanced cardiac
life support.186,205,226,227 In an EMS system staffed by highly
trained, experienced EMS providers who treat a high
volume of calls and perform a high volume of procedures
each year, with independent medical oversight and
quality assurance in Seattle, WA, survival was predicted by
time to CPR and defibrillation.205 In patients with wit-
nessed ventricular fibrillation before EMS arrival, survival
decreased by 3% with each minute until CPR was started,
and by 4% with each minute to first shock after CPR has
been started. In a similar mature EMS system in King
County, Washington, survival was predicted by three time
intervals: time to CPR, defibrillation, and advanced
cardiac life support (ACLS) care.226 In patients with wit-
nessed ventricular fibrillation before EMS arrival, survival
decreased by 3% for each minute to first shock after CPR
has been started, and by 2% for each minute to advanced
care after the first shock. Although not all communities
have these exact findings, modeling survival provides the

best data currently available on the effect of interventions
such as CPR or defibrillation. In other EMS systems
staffed by less experienced EMS providers who have a
lower call volume each year, provision of CPR and defib-
rillation, but not advanced cardiac life support, signifi-
cantly improved survival to discharge.135 Collectively,
these studies emphasize the importance of timely inter-
vention and of considering differences in EMS struc-
ture and function when comparing results across EMS
systems.

Rescuer performance

The training and performance of rescuers in the EMS pre-
dicts outcome after cardiac arrest.188 Physician involve-
ment in training, supervision, evaluation, and leadership is
likely to be a substantial ingredient of successful systems
and is currently not measured.228 The use of quality assur-
ance in EMS is infrequent and immature, but can have sig-
nificant and important effects on outcome. When quality
assurance is performed, it sometimes assesses factors such
as education rather than performance or outcome indica-
tors. Recent studies have demonstrated that CPR is fre-
quently not performed according to evidence-based
guidelines in the out-of-hospital and in-hospital
setting.37,229,230 Although these studies lacked power to
detect a significant relationship between CPR process and
patient outcome, a related study demonstrated that a
greater rate of chest compressions was associated with a
greater likelihood of achieving restoration of spontaneous
circulation.231 Collectively, these studies reemphasize the
importance of medical oversight to assure and improve the
quality of prehospital emergency care.

Future directions

In the future, significant changes in resuscitation are likely
to occur. Observational studies will continue to improve
the field of resuscitation. New epidemiologic data are des-
perately needed to answer the following questions:
• What is the current incidence and survival rate of out-of-

hospital cardiac arrest? Why has the survival rate after
cardiac arrest remained static?

• Can the proportion of cases that receive bystander CPR
be increased?

• Can outcomes be improved by broad implementation of
quality assurance of EMS care?

• Is training and equipping family members of those at
risk for cardiac arrest an effective method of reducing
time to defibrillation and increasing survival?
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• Can differences in incidence and survival according to
race and socioeconomic status be reduced?

To find answers to these questions and to test future ther-
apies, more accurate and larger quantities of data are
needed than are currently available. National or inter-
national databases offer the best opportunities to do so.
Data accuracy must be improved so that real verifiable
time intervals can be measured. A critical step towards
improving outcomes is for every community to monitor
and improve its rate of survival after out-of-hospital
cardiac arrest. Finally, new therapies must be developed to
improve treatment.
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Part II

Basic science





Cardiac arrest is the most lethal disease of ischemia/reper-
fusion (I/R) with only 5%–7% of out-of-hospital cardiac
arrest (OHCA) victims surviving to hospital discharge.1

Why a patient passes from full human function to “death”
within minutes to hours, often despite an initially success-
ful resuscitation and restoration of normal vital signs, is
unclear. Certainly compared with the focal tissue ischemia
of stroke or myocardial infarction the ischemic interval of
cardiac arrest is measured in minutes rather than hours;
yet, the establishment of reperfusion following cardiac
arrest resuscitation, unlike that following focal ischemia,
cannot be considered definitive therapy. Indeed, out of
every 100 cardiac arrest victims, about 30 will achieve
return of spontaneous circulation (ROSC) but only 5
survive the postresuscitation period to hospital dis-
charge.1–6 Thus, postresuscitation deaths contribute signif-
icantly to overall out-of-hospital cardiac arrest mortality as
most patients who are initially “saved” die during a lethal
post-resuscitation syndrome often during the first 24–72
hours, characterized by early cardiovascular collapse with
multi-organ failure 7–9 and subsequent failure of central
nervous system recovery.10–12 If we could successfully treat
or prevent reperfusion injury it would result in an esti-
mated 6–10 fold improvement in survival following cardiac
arrest. Efforts to improve post-resuscitation care are well
justified since 75% of patients who are discharged alive
return to their communities with intact neurological func-
tion and a good quality of life.13–15

The extent of such post-resuscitation injury is likely to be
associated with the time of ischemia. Weisfeldt and Becker
proposed a “three-phase time-sensitive” model of cardiac
arrest highlighting the need for different treatments at spe-
cific ischemia times of cardiac arrest.16 The model suggests

optimal treatment of cardiac arrest should be phase-
specific: (1) the electrical phase (from onset to ~4 minutes),
where ideal treatment is defibrillation; (2) the circulatory
phase (from ~4 to ~10 minutes), which requires high quality
CPR prior to defibrillation; and (3) the metabolic phase
(after ~10 minutes of ischemia), which likely requires ther-
apies directed at the modulation of oxidants, immune
system mediators, microvascular injury, apoptosis, and
energy substrate depletion.7,9,17–21 This chapter will focus on
events likely to occur with greatest severity in those cardiac
arrest patients resuscitated from the metabolic phase.

The post-resuscitation period represents a critical thera-
peutic window for improving outcomes through interrup-
tion of death pathways and abrogation of ongoing
end-organ ischemic injury. Proof of this assertion comes
from recent clinical studies demonstrating that therapeutic
hypothermia, induced during the immediate post-resusci-
tation period, significantly improves clinical outcomes.22–25

Unfortunately, hypothermia is one of the only examples of
an effective post-resuscitation intervention. It also stands
out as particularly non-specific therapy that is likely to act
in a somewhat “global” fashion to modulate entire classes
of fundamental intracellular processes mediating post-
resuscitation disease. A deeper understanding of the cellu-
lar mechanisms of post-resuscitation injury, through the
development of new clinical biomarkers and measures, is
vital to optimizing the delivery of therapeutic hypothermia
and developing therapies targeted at specific pathways or
subclasses of cardiac arrest patients. In addition, similar-
ities between the post-resuscitation and sepsis syn-
dromes20,26 suggest opportunities for the development of
new therapies targeted at specific mediators of post-
resuscitation injury. Hypothermia, and the achievement of
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core body temperature goals, might simply be one compo-
nent of a larger protocol of “early-goal-directed therapy”27

directed at the molecular level toward modulating critical
post-resuscitation events.

This chapter reviews the clinical and basic science features
of the post-resuscitation syndrome, with particular focus on
the cardiovascular system, cellular stress-responses, and
mechanisms of cell injury and death following cardiac arrest
and resuscitation. In particular, the role of oxidants and crit-
ical stress responses including inflammation, apoptosis, and
death pathways will be highlighted. An improved under-
standing of these cellular mechanisms will likely be vital to
optimizing the clinical application of therapeutic hypother-
mia. In addition, new therapies targeted at modulation of
cytokines and oxidants have great promise for the treatment
of cardiac arrest. Similar to the treatment of electrical phase
patients by using defibrillation, such therapies could some
day routinely resuscitate patients in the metabolic phase –
the sickest of cardiac arrest patients – back to previous
human function.

The post-resuscitation syndrome

The post-resuscitation syndrome is characterized by sys-
temic inflammation, myocardial dysfunction,7,9,17,18 circu-
latory collapse and multi-organ failure leading often to
either death during the first 24–72 hours or subsequent
failure of central nervous system recovery.10–12 The post-
resuscitation and sepsis syndromes share many similar fea-
tures including endothelial dysfunction, thrombosis,
impairment of fibrinolysis, marked elevation of inflamma-
tory mediators, and mild hyperthermia.20,25,28–30 Recent
clinical studies have noted the appearance of peripheral
markers of this inflammatory cascade such as cytokines/
chemokines (e.g., IL-1ra, IL-6, IL-8, IL-10) and other inflam-
matory mediators including activated polymorphonuclear
leukocytes, endothelial adhesion molecules, and comple-
ment following out-of-hospital cardiac arrest (OHCA) –
findings similar to those seen during sepsis.20,31–35 In cardiac
arrest patients, non-survivors demonstrate plasma IL-6
concentrations that are 20-fold greater than these of sur-
vivors, and approximately 50-fold greater than baseline
values from normal humans.20,36

Why a sepsis-like syndrome would be seen in the
context of a non-infectious disease is intriguing. Cardiac
arrest involves sudden, global, multi-organ ischemia.
Reperfusion occurs during cardiopulmonary resuscita-
tion (CPR) and more fully at return of spontaneous circu-
lation (ROSC). The changes in oxidant stress and redox
state associated with these critical transitions during

whole-body ischemia/reperfusion likely activate a host of
cellular stress responses at the transcription and protein
level. These critical stress responses throughout multiple
organs could explain the simultaneous triggering of
cytokines, chemokines, activated complement and poly-
morphonuclear leukocytes, and endothelial cell adhesion
molecules. Interestingly, such stress responses could be
quite adaptive when localized to tissue injured by trauma
or microbial invasion, local events that can also cause
localized changes in oxidant stress and altered redox state.
When they become simultaneously global throughout the
body as may occur during cardiac arrest, however, these
same stress responses could become overly amplified with
devastating and lethal consequences.

Regarding post-resuscitation myocardial injury, while
much work has focused on neurological injury after resus-
citation, less is known about the earlier cardiovascular
injury and collapse that is often seen in these patients.
In a small clinical study of post-resuscitation hemodynamic
instability, survivors of out-of-hospital cardiac arrest
usually demonstrated improvement of cardiac index (CI) by
24 hours, with persistently low CI at 72 hours associated
with death by multi-organ failure.9 Nevertheless, this study
did not include those patients who died early after ROSC
prior to reaching the cardiac catheterization laboratory;
that is, those exhibiting the most acute and severe postre-
suscitation cardiovascular injury. Postresuscitation cardiac
dysfunction has been associated with elevated plasmaTNF-
alpha levels in swine models.37 In addition, TNF-alpha-
induced caspase-3 activation has been shown to mediate
cardiac dysfunction in response to endotoxin challenge in
mice.38 Understanding such cardiovascular post-resuscita-
tion injury is important as it represents the most acceler-
ated and lethal form of three distinct post-resuscitation
phenotypes: intact survival, neurological impairment, or
in-hospital death due to cardiovascular collapse.

Redox-mediated intracellular stress responses

The list of potential mediators of post-resuscitation injury
is legion and includes both the intracellular and extracel-
lular expression of multiple reactive oxidant species; pro-
inflammatory mediators of the innate immune system
such as cytokines/chemokines (e.g., IL-6, IL-8), endothe-
lial adhesion factors, activated complement and leuko-
cytes; and other pro-apoptotic signaling molecules. We
will begin by discussing the intracellular mechanisms of
redox-signaling.

During the global ischemia of cardiac arrest, the myocar-
dial intracellular environment is characterized by striking
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changes in myocardial oxygen tension (PO2), carbon
dioxide tension (PCO2), and pH. Following the onset of
ventricular fibrillation, intramyocardial PO2 levels rapidly
plummet, while PCO2 and hydrogen ion concentrations
increase.39–41 After only 4 minutes of ventricular fibrillation
in swine, myocardial PCO2 may increase to well over 200
torr with a corresponding drop in pH to 6.0 and below.41

Indeed, increased myocardial CO2 during cardiac arrest
may negatively affect the heart’s ability to be successfully
defibrillated.42 Furthermore, hypercarbic acidosis has
been shown to worsen myocardial contractility in an iso-
lated rat heart preparation43 and worsen outcomes in a
swine model of cardiac arrest.44 The myocardial intracellu-
lar environment undergoes another transformation as
these trends are reversed with the initiation of effective car-
diopulmonary resuscitation (i.e., partial-flow reperfusion).
Finally, upon return of spontaneous circulation, the
myocardium undergoes a third transition as reperfusion
leads to the rapid normalization of these parameters
within 30 minutes post-resuscitation.40,41

These striking shifts in the cellular microenvironment
have the potential for radical alteration of the potential for
oxidant signaling, ROS-mediated damage, and eventual
cell dysfunction or death. Oxygen, for example, is essential
for life; as an acceptor of electrons from the mitochondrial
electron transport chain it allows concurrent synthesis of
adenosine triphosphate (ATP) through oxidative phospho-
rylation. Control of oxygen delivery at the tissue and cellu-
lar level thus is critical for survival. Changes in redox state
precipitated by sudden drops in tissue O2 tension can
trigger adaptive oxidant signaling responses that attempt
to restore metabolic homeostasis. Although there are
numerous sources of oxidant signaling molecules in the
cardiovascular system, mitochondria appear to be critical
oxygen biosensors capable of acting as first responders to
the PO2 changes associated with cardiac arrest.45–49

Our own studies of I/R in cardiomyocytes suggest that
oxidant stress is generated within seconds to minutes of
ischemia onset. This increase in oxidant stress is seen both
at the cardiomyocyte level45 and at a systemic level within
minutes of CPR in swine models of cardiac arrest.50,51

Prolonged ischemia can induce superoxide generation and
lipid peroxidation; alter cardiolipin and affect the integrity
of the mitochondrial electron transport chain. Reducing
equivalents present at the time of resuscitation fuel a burst
of lethal oxidant generation as a result of electron transfer
from complexes I and II into the intermitochondrial mem-
brane space via complex III, with subsequent cytochrome
c release and apoptosis.48

Recent work demonstrates the existence of a “pH
paradox,” a worsening of cardiomyocyte survival after

ischemia despite rapid normalization of pH during reper-
fusion. Acidotic reperfusion of ischemic cardiomyocytes
by using hypercarbia has been reported to improve cell
survival.52 The mechanism of this protective effect is not
entirely clear, however. Hypercarbia may act as a mito-
chondrial inhibitor; indeed, recently researchers from our
laboratory have demonstrated that a brief transient period
of mitochondrial inhibition during the reperfusion of chick
cardiomyocytes in vitro abrogated the generation of ROS
and improved cell survival through a mitochondrial
complex III-dependent mechanism.53 Thus, even though
the rapid normalization of O2, CO2, and pH is an implied
intermediate goal of CPR, an uncontrolled overly rapid
transition might worsen mitochondrial recovery and post-
resuscitation oxidant injury. The conditions for a more
controlled reperfusion (e.g., temperature, transitions in
tissue O2 and CO2) that minimize post-resuscitation injury
are not known, but likely vary depending on time of
ischemia (i.e., they are phase specific).

The type of oxidant species generated in the heart during
cardiac arrest and reperfusion likely are numerous, with
many species (particularly superoxide, H2O2, and nitric
oxide) capable of both good and bad effects depending
upon redox state, tissue CO2 levels and pH, and other
species present. The formation of intracellular ROS and
that of nitric oxide are interrelated, with one species affect-
ing and regulating the other.54 We have previously utilized
a nitric oxide synthase inhibitor (NOS), NG-nitro-L-argi-
nine methyl ester (L-NAME), to block the formation of
nitric oxide in our cardiomyocyte model during conditions
of hypoxia,55 supporting the notion that cardiac cells can
generate significant amounts of NO within minutes of
onset of cardiac arrest-like conditions. In turn NO can
interact with superoxide to form peroxynitrite, with con-
current oxidant damage. Indeed, inhibition of NOS has
been shown to reduce myocardial O2 consumption in an
intact dog preparation and improve coronary perfusion
pressure and rate of ROSC in a swine model of cardiac
arrest.56,57 While NO can play a deleterious role in reperfu-
sion injury, depending upon timing and concurrent gener-
ation of other oxidants, it can also exert highly protective
effects.54

Other oxidase systems such as NADPH oxidase, xanthine
oxidase, and cytochrome P450 systems would likely be
affected by this initial oxidant stress response by mito-
chondria and could further amplify oxidant stress via
increased generation of ROS. The underlying mecha-
nism of oxygen sensing by mitochondria may involve
redox regulation of nitrite and nitric oxide homeostasis in
the inner mitochondrial membrane58, with inhibition of
cytochrome c oxidase by nitric oxide as well as superoxide
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generation from complex III.59 In addition, mitochondrial
membrane and cell membrane anion channels may be
sensitive to redox state and control the release of superox-
ide into the cytosol and possibly the extracellular space.45

The oxidant tipping point

Such oxidant and inflammatory stress responses can play
both adaptive and deleterious roles in the organism,
depending upon the threshold that is reached during con-
ditions of ischemia/reperfusion. Indeed, the importance
of oxidant stress for adaptive cardiovascular responses is
suggested by recent findings that high-dose antioxidants
taken chronically may actually increase cardiovascular
disease mortality.60 Although such stress responses are
necessary for survival against local traumatic injury or
infection, when quickly generalized to a multi-organ level
during cardiac arrest, these same critical stress responses
could result in amplification of oxidant and inflammatory
stress that shifts the balance from survival to activation of
the death pathway.

Such an oxidant “tipping point” may be seen at the mol-
ecular level. For example, Stamler and Hausladen have
proposed a continuum of nitric oxide- and ROS-mediated
Cys-SH oxidant modifications that progresses from SNO
(S-nitrosylation) to SOH (sulfenic acid), disulfide (SS),
sulfinic (SO2

�), and sulfonic (SO3
�) acids.61 This continuum

may define how a cell or tissue “ramps up” its response to
changes in redox state, eventually crossing the oxidant
stress threshold from adaptive signaling to irreversible
damage. In addition, the timing of adaptive oxidant modi-
fications of Cys-SH is important, such that adaptive oxida-
tion to disulfide linkages can protect against subsequent
oxidant damage by more lethal oxidants if induced early.
Protective strategies such as intra-ischemic hypothermia
could conceivably be mediated by such oxidant modula-
tion, with induction of protein protection prior to the
increased oxidant stress of ROSC.

Circulating messengers of I/R injury: extracellular
oxidants and cytokines/chemokines

Extracellular expression of pro-inflammatory and oxidant
molecules amplifies the magnitude and local extent of the
original I/R injury through both autocrine and paracrine
effects, which promote increased oxidant production and
release of cytokines/chemokines.62–64 For example, both
serum and tissue levels of the oxidant stress marker F2-iso-
prostane increase significantly within minutes of car-
diopulmonary resuscitation after swine cardiac arrest,

reaching a peak within 30 minutes after ROSC.50,51,65 Such
molecules also play an important role in communicating
the original insult to distal/remote tissues by promoting
microvascular injury through the recruitment, activation
and/or diapedesis of a variety of circulating cell types (e.g.,
leukocytes, platelets); and increased fibrin clot formation
with decreased fibrinolysis,30 the end result being poor
capillary tissue perfusion, tissue ischemia and multi-organ
dysfunction.62–64 Evidence for such distal amplification of
injury through microvascular injury comes from several
mouse models of I/R injury of gut or liver. Such models can
generate significant injury “at a distance,” with splanchnic
organ ischemia producing increased pulmonary seques-
tration of circulating leukocytes, increased levels of pul-
monary tissue in chemokines related to human IL-8 such
as MIP-2 and KC, and microvascular permeability.66–68

Cardiac arrest conceivably amplifies this “injury at a dis-
tance” many fold, since multiple organs experience I/R
conditions simultaneously.

I/R-induced oxidant and inflammatory protein signal-
ing pathways have been shown to have an impact on distal
tissues through direct endocrine pathways as well.63 These
direct endocrine pathways may initially represent adaptive
homeostatic responses to I/R that then become amplified
in a maladaptive manner long after the initial injury.63 Such
a direct oxidant pathway has been postulated in part to
mediate post-ischemic myocardial stunning.64 Isolated
hepatic I/R injury has been shown to inactivate mitochon-
drial superoxide dismutase (MnSOD), a mitochondrial
antioxidant enzyme, within pulmonary endothelial cells.69

Pro-inflammatory cytokines, such as TNF-alpha, have also
been shown to have direct negative inotropic effects on
myocardium.70 In a murine model of resuscitated hemor-
rhagic shock (a related state of global I/R,71) infusion of a
soluble TNF-alpha receptor antagonist (etaneracept) sig-
nificantly attenuates post-resuscitation LV dysfunction.72

Another example of direct organ–organ communication of
I/R injury comes from recent work in a model of focal
intestinal I/R.73 In this model, Tnfrsf1a–/– mice showed
decreased pulmonary infiltration of polymorphonuclear
cells, decreased NF-kB activation and decreased mRNA
expression in several NF-kB target genes encoding pro-
inflammatory cytokines/chemokines.

Transcriptional pathways of critical stress
response

As noted in the above mouse model, I/R can alter
gene expression.73 A recent transcriptome analysis of rat
myocardium after focal I/R demonstrated increased
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expression of mRNA of pro-inflammatory proteins such as
IL-6 and IL-18 at 2 days post-reperfusion with later tran-
scription of genes encoding pro-apoptotic caspases.74

Such transcriptional alterations may be triggered by
changes in oxidant stress and redox state via stress-sensi-
tive transcription factors such as NF-kB.75,76

Similar transcriptional stress responses are likely to
occur following global I/R. For example, in murine models
of unresuscitated hemorrhagic shock (HS), a brief, but pro-
found, period of HS rapidly leads to hepatic NF-kB activa-
tion, TNF-alpha mRNA expression, as well as increases in
plasma TNF-alpha concentration.77,78 In a separate murine
model, unresuscitated HS leads to upregulation of NF-kB
gene expression at 1 hour and an associated sustained NF-
kB activation lasting 24 hours, suggesting the possibility of
a sustained period of pro-inflammatory transcription.79

Such rapid and sustained activation of NF-kB-mediated
responses, in contrast to episodic activation and sponta-
neous resolution, has been associated with induction of
cell death pathways.80

Reperfusion during resuscitation also appears to trigger
activation of transcription factors and early gene-expres-
sion of cytokines/chemokines and prostaglandins within
multiple vital organs, including the liver, spleen, lung, and
muscle after whole-body ischemia due to hemorrhagic
shock.81 Such transcriptional changes appear to be modu-
lated by the severity of hemorrhage and the timing and
choice of therapeutic intervention.82–84

Such a rapid multi-organ activation of innate immune
response by NF-kB signaling has already been modeled in
non-cardiac arrest patients exposed to non-toxic doses of
endotoxin.85 Genomic systems biology approaches suggest
that innate immune responses in humans evolve quickly,
and the stress responses seen within 4–6 hours of initiation
may be critical for successful return to a normal human
phenotype.85 Factors that both initiate and limit innate
immune responses evolve significantly between time of
onset and at 4–6 hours, with their balance and trend likely to
be critical for successful resolution of both “pro-inflamma-
tory” and “counter-inflammatory” stress response phases.

Post-resuscitation syndrome: the connection
among oxidant stress, inflammation, and
apoptosis

In addition to microvascular and direct inhibitory effects,
oxidant stress and inflammation are thought to trigger pro-
apoptotic pathways. For example, I/R has been shown to
trigger apoptotic cell death through the Fas/Fas ligand
pathway leading to caspase activation.48,86 Fas (also known

as CD95) is a membrane-bound receptor in the tumor
necrosis family expressed in a variety of cells including
heart and lung. Researchers from our laboratory have
demonstrated the expression of both Fas and FasL in
human epithelium.87 Cytokines may play an important
role in activating metalloproteinases which can cleave
membrane-bound Fas and FasL to its soluble form that
then can be released into the circulation.88 Although the
role of apoptosis following cardiac arrest is not entirely
known, it is conceivable that such high circulating levels of
cytokines could induce myocardial apoptosis and play an
important role in cardiovascular dysfunction and collapse.
This notion is consistent with some pathology studies
involving heart tissue from cardiac arrest patients. A case
series of pathology specimens taken from postmortem
heart tissue showed widespread uptake of apoptosis
markers throughout the myocardium of patients after
sudden death.89

Programmed cell death in the heart

If injury to a cell is too great, or if its “usefulness” has
expired, a cell or neighboring cells may signal its removal.
Physiological removal of cells has been termed pro-
grammed cell death (PCD) because a genetic program
consisting of a sequence of molecular signaling and bio-
chemical events is initiated to dismantle the affected cell.
Apoptosis, a specialized form of cell death, was originally
equated with PCD; however, it is becoming clear that there
are many forms of PCD and that even necrotic cell death
may be regulated in many tissues,90 including the heart,91

particularly after ischemic injury.92,93

Necrosis/oncosis

The terms “necrosis” or “oncosis” traditionally have been
used to refer to an unregulated cell death morphologically
typified by cellular swelling and plasma membrane
rupture. While historically viewed as a pathological or “acci-
dental” form of cell death resulting from acute cellular
injury, or as a result of bioenergetic catastrophe,94,95 recent
evidence suggests that necrosis/oncosis may be a substi-
tute, or alternate pathway, for myocardial cell death and
loss of cardiac function,91 – particularly when apoptosis is
blocked, for example, by caspase inhibition.96,97 Regulated
or “programmed” forms of necrosis have been described
recently in a number of cell types (see reviews90,95,98), and
may involve a number of molecular mediators or regulators
normally associated with apoptosis, such as certain
members of the Bcl-2 family (see below). Such regulated
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forms of necrosis have not yet been described specifically
in cardiac arrest, but in light of the numerous descriptions
of “necrotic,” “oncotic,” or generally “non-apoptotic” cell
death in the heart, it is likely that continued dissection of
death mechanisms in the heart after arrest or infarction will
elucidate such mechanisms and their potential role in
myocardial damage. Interestingly, an atypical pathway of
cardiomyocyte cell death caused by hypoxia and acidosis
has recently been described, which seems to involve a com-
bination of features of apoptosis and necrosis.99 A pro-
apoptotic member of the Bcl-2 family (see below), BNip3,
and its actions on the mitochondrial permeability pore
were implicated in this death mechanism, but activation of
the apoptotic proteases, caspases, was not. On the other
hand, the involvement of specific caspases in additional,
perhaps intermediate, forms of cell death, have been linked
to non-apoptotic forms of PCD recently termed “parapto-
sis” and “pyroptosis.”

Paraptosis and pyroptosis – caspase-associated
non-apoptotic cell death

Another form of PCD distinct from apoptosis has been
termed paraptosis (for “next to” or “related to” apoptosis)
and is characterized morphologically by cytoplasmic vac-
uolation and late mitochondrial swelling.100 Although this
death is not blocked by either the anti-apoptotic protein,
Bcl-xL, or by certain caspase inhibitors, this form of cell
death is driven by an alternative activity of caspase-9,
perhaps related to phosphorylation of caspase-9 by spe-
cific kinases.101 Caspase-9 has been associated with
ischemia/reperfusion (I/R)-induced cell death in a
number of models of cardiomyocyte injury,102–104 but the
potential role of paraptosis-like cell death in myocardial
injury is unknown.

Recently, the term pyroptosis (for “fire or fever,” Greek)
was proposed to describe a cell death that is uniquely
dependent on caspase-1. Although caspase-1 is classified
as a member of the inflammatory caspase subfamily (see
below) and has been dissociated from certain physiologi-
cal pathways of apoptosis105,106 recent evidence suggests
that caspase-1 can interact with multiple pathways of both
inflammation and cell death.107,108 Of particular note are
recent descriptions of key roles for caspase-1 in ischemia-
induced cell death.108–110 In a murine model of myocardial
ischemia, caspase-1 acts in synergy with hypoxia to stimu-
late caspase-3-mediated apoptosis108 and inhibition of
caspase-1 in a suprafused human myocardium model of
I/R reduced ischemia dysfunction at least in part by
inhibiting proinflammatory cytokines, IL-18 and IL-1�.111

The latter study is particularly interesting in light of the
previously discussed connection between post-resuscita-
tion disease and the sepsis syndrome.20,26

Whereas pyroposis as originally described112 may be a
novel form of cell death induced by infection with
Salmonella and Shigella species, pyroptosis as a process
likely plays a physiological role in a variety of tissues,113 and
growing evidence of the participation of caspase-1 and
inflammation in the post-ischemic myocardium suggests
that this pathway is important in cardiac arrest. Like the
involvement of the extrinsic apoptotic pathway described
below, thus far the participation of caspase-1 has been
examined specifically in cardiac arrest from a perspective
of global ischemia and damage to “outlying” tissues such
as the brain.114 Nonetheless, the significance of caspase-1
activation to potential inflammatory or “pyroptosis-like”
responses following cardiac arrest in either the brain or
heart remains to be more thoroughly investigated.

Autophagy

Before we consider apoptosis and several of its well-char-
acterized molecular mediators and regulators, another
potential form of cell death has attracted a great deal
of attention for its role in physiological homeostatic
processes, including processes of cell death and survival in
the myocardium.115 Autophagy (“to eat oneself,” Greek) is a
regulated process by which a cell carries out lysosomal
degradation of its own constituents, including cytoplasm
(microautophagy) and larger cytoplasmic proteins and
organelles such as mitochondria (macroautophagy).
Chaperone-mediated autophagy is a third form of the
process largely confined to mammalian systems, involving
the formation of a complex between cytosolic protein sub-
strates and protein chaperones and subsequent transloca-
tion into the lysosome. There is some disagreement as to
whether autophagy truly represents an initiated form of
cell death or a cellular response to stress from which a cell
may or may not recover. It is clear that autophagic
processes can occur in the heart, however, and
(macro)autophagy has been described recently in the
chronically ischemic myocardium.116 In the latter study,
autophagy was hypothesized as a homeostatic process uti-
lized for the turnover of unnecessary or dysfunctional
organelles and cytoplasmic proteins in the ischemic
myocardium, which could protect against further
ischemia.116 Recently, in a murine model of autophagy117

the pro-death function of autophagy was examined in
mouse heart muscle.118 Transgenic expression of cardiac
Bcl-2 (and its subsequent interaction with the autophagy
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protein, Beclin-1) helped maintain levels of autophagy
that were compatible with cell survival, rather than cell
death.118 Selective or preferential autophagy of the mito-
chondria has been termed mitophagy,119 and is thought to
occur as a process of mitochondrial quality control, or as a
cellular response to overwhelming numbers of damaged
mitochondria.120 In I/R injury, oxidative damage to mito-
chondrial membrane proteins can lead to opening of the
mitochondrial permeability transition (MPT) pore.121 At
one extreme, MPT opening can lead to necrosis through
ATP depletion or to apoptosis via cytochrome c release (see
below) and cell death.119 MPT pore formation under less
severe stress can promote autophagy, however, or more
specifically mitophagy, and the removal of ROS-producing
mitochondria may be a survival mechanism.119 Thus, a
greater understanding of the occurrence and extent of
autophagy in the stressed myocardium will be important
in considering future therapeutic approaches to the man-
agement and treatment of cardiac disease,115 and post-
resuscitation survival.

Apoptosis

Of the known forms of PCD, apoptosis is by far the best
characterized at the molecular level. Morphologically,
apoptosis is characterized by nuclear condensation and
fragmentation and by cell shrinkage. Indeed, J.F.R Kerr, the
originator of the term “apoptosis,”122 initially described this
cell death as “shrinkage necrosis.”123 DNA fragmentation or
“laddering” is another characteristic of apoptosis, and this,
along with many of the morphological aspects, is due a
subclass of proteases called caspases (cysteinyl aspartate-
specific proteases), although there are now recognized
forms of apoptosis that may be caspase-independent
processes.

A number of excellent reviews of apoptosis in the heart
exist124–128 and the reader is referred to these and others for
more comprehensive and detailed reviews of molecular
mechanisms of apoptotic pathways of cell death in car-
diomyocytes. Here, we will briefly consider the major path-
ways and molecular participants of apoptosis and the
evidence for their involvement in I/R-induced injury in the
myocardium, particularly with regard to the involvement of
the mitochondria. Recently, there has been recognition that
apoptosis of cardiomyocytes (and perhaps other cell types,
such as endothelial cells129,130) can occur in various patholo-
gies of the human heart, including heart failure,131,132 I/R
injury in myocardial infarction,133,134 and in ischemic injury
during cardiosurgical procedures.135,136 Most recently, evi-
dence of apoptotic death of cardiomyocytes in the global

I/R following cardiac arrest and resuscitation has been
studied and related directly to cardiac function and survival.

Caspases

As implied above, caspases are central to the dismantling
of a cell via the major pathways of apoptosis (discussed
below). Fourteen mammalian caspases have been identi-
fied to date,137 and the apoptotic caspases can be grouped
into two general categories: (i) initiator or “upstream” cas-
pases, including caspases-2, -8, -9, and -10, and (ii) “execu-
tioner” or apoptosis effectors, caspases-3, -6 and –7
(Fig.3.1). The remaining caspases make up a third group
and are often referred to as “inflammatory” caspases.
These are involved in the maturation of certain cytokines,
such as IL-1�. All caspases exist as zymogens or “procas-
pases” and generally are activated by proteolytic cleavage,
either through autolytic cleavage or activation via induced
proximity or dimerization/oligomerization138–140 or, for
the executioner caspases, by cleavage by other (upstream)
caspases. The initiator caspases possess specialized
prodomains (CARD � caspase recruitment domain or
DED � death effector domain) involved in their activation,
and generally speaking, once activated, these initiator cas-
pases activate the effector caspases via cleavage of their
pro-forms (e.g., procaspase-3). On the basis of specific
sequence preferences, caspases perform distinct roles in
the apoptotic process, although in caspase-deficient cells,
one or more caspases may substitute for the missing
caspase.125 Literally hundreds of caspase substrates have
been identified, and these include major structural ele-
ments of the cell, cell cycle proteins, protein kinases and
phosphatases, transcription factors, and components of
the DNA repair machinery, as well as apoptotic regulators,
such as members of the Bcl-2 family.141,142 As outlined
below, the activition of several different caspases has been
observed in I/R-induced apoptosis in isolated cardiomyo-
cytes and in intact myocardium.

In addition to control of initiating events of apoptosis
pathways discussed below, regulation of caspase activity
also is accomplished directly via endogenous inhibitors of
the caspases known as inhibitors of apoptosis proteins
(IAPs) (Fig. 3.1) An extended discussion of IAPs is not pos-
sible here, and the reader is referred to several recent
reviews of this protein family.143–146 Briefly, IAPs were first
identified in baculoviruses, (see reviews143,147); and in
mammals there are at least seven IAP family members,
each of which contains one or more baculoviral repeat
(BIR) domains, through which they interact with certain
caspases. Specific interactions between caspases and BIR
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domains have been elucidated recently, and XIAP (the
most studied of the IAPs), inhibits the effector caspases-3
and -7 and the initiator caspase-9 through BIR2 and BIR3
regions, respectively.148,149 These caspase inhibitors can be
inhibited themselves by the mitochondrial proteins

Smac/DIABLO (second mitochondria-derived activator of
caspase/direct IAP-binding protein with low pI)150,151 and
Omi/HtrA2.152–154 The involvement of IAPs, Smac, and Omi
in I/R-induced apoptosis is not well studied, particularly in
the heart, but recently a deficiency of XIAP expression was
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Fig. 3.1. Primary structures and diverse interacting domains of major protein groups associated with apoptosis. Examples in each of

the major families and groups of apoptotic proteins and regulators are shown, including critical functional and interacting domains:

CARD � caspase recruitment domain; p20 � large caspase subunit; plO � small caspase subunit; DED � death effector domain; BIR

� Baculovirus IAP domain; R � Ring zinc finger domain; NOD � nucleotide-binding oligomerization or “ATPase” domain; P/E-rich �

proline/glutamine-rich domain;WD � tryptophan-aspartate repeats; DD � death domain; TM � transmembrane domain; BH1-4 �

Bel-2 homology domains 1–4. Mammalian caspases have been organized into three major groups: group I containing the

inflammatory or “cytokine maturation” caspases; group II comprised of initiators of apoptosis containing CARD or DED prodomains;

and group III containing the effector caspases. (Caspases -11 and -12 are of mouse origin; caspase-13 described from bovine cells {Shi,

2002 #1943}) The Bcl-2 protein family has also been subdivided into three major groups, including the anti-apoptotic proteins, such as

Bcl-2 and BCI-XL, which act to block the release of cytochrome c and other apoptogenic mitochondrial proteins. The proapoptotic

members of the family are further divided into two subfamilies: the multi-domain proapoptotic proteins, represented by Bax and Bak;

and the BH3-only subfamily containing at least 10 members. The WD domains in Apaf-1 are thought to be responsible for binding

cytochrome c, while the NOD domains are involved in binding ATP/dATP and analogs driving conformational changes, which are

critical for apoptosome formation (see Fig. 3.2, text and cited reviews for additional details regarding these and other molecular

interactions).
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found in post-infarction hearts in a murine model,155 and
increased ratios of XIAP to Smac were associated with
minocycline-induced cardioprotection in a rat model of
I/R injury.156 A novel “CARD-carrying” caspase inhibitor
(see Fig. 3.1), ARC (apoptosis repressor with CARD
domain) has been identified recently, which interacts with
at least two initiator caspases, caspases-2 and -8.157 ARC
appears to be expressed primarily in skeletal and cardiac
muscle cells, and recent evidence indicates that ARC can
protect a myogenic cell line from oxidant stress by pre-
serving mitochondrial function.158 This protection is likely
a result, at least in part, of ARC’s ability to interact with and
prevent the activation of the pro-apoptotic Bax protein159

(see below). In addition, the calcium-binding activity of
ARC also has been implicated in its anti-apoptotic
activities.160

Pathways of caspase activation

There are two major pathways of caspase activation
in mammalian cells: the “extrinsic” or death receptor-
mediated pathway and the “intrinsic” or mitochondria-
mediated pathway (Fig. 3.2). The extrinsic pathway is
mediated by specific membrane receptors, primarily of the
tumor necrosis factor receptor (TNFR) superfamily, and
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Fig. 3.2. Diagrammatic summary of the two major pathways of apoptosis in mammalian cells. The extrinsic pathway is initiated by the

binding of a death ligand/cytokine trimer such as FasL (Fas ligand) to its trimerized receptor (here, Fas/CD95). This leads to the

recruitment of adaptors such as FADD and, in turn, procaspase-8 (or-10). Oligomerization of these proteins comprises the death-

inducing signaling complex (DISC) and leads to the activation of caspase-8. Caspase-8 initiates the caspase cascade and/or cleaves Bid

(to truncated or “tBid”) for cross-talk to the mitochondrial pathway. The mitochondrial or intrinsic pathway can be initiated by a number

of stress factors, including ischemia/reperfusion, and may involve caspase-2 activation and direct effects on the mitochondria and/or

activation of pro-apoptotic Bcl-2 proteins, such as Bax and Bak. Details of these mitochondrial interactions and models of cytochrome c

(and other apoptogenic proteins, e.g., Smac/DIABLO, Omi/HtrAl, AIF, & EndoG) release are summarized in Fig. 3.3. Cytochrome c forms

a complex with Apaf-1, which in the presence of ATP/dATP, induces formation of a heptameric, wheel-like structure to which

procaspase-9 molecules are recruited. Activation of caspase-9 leads to initiation of the caspase cascade involving effector caspases-3, -7

and -6, and to DNA fragmentation and caspase-mediated dismantling of the cell.
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the most well -characterized death receptor besides TNFR
itself, is Fas (CD95). The binding of the death ligand trimer,
FasL, to the preformed Fas surface receptor homotrimer
results in the formation of a death-inducing signaling
complex (DISC), involving the adaptor protein FADD (Fas-
asscocated protein with a death domain), which is
recruited via its death domain (DD), and in turn recruits
procaspase-8 (or-10) via death effector domains (DED),
resulting in activation of caspase-8 (see review161). If only
small amounts of caspase-8 are activated, the pathway
may proceed through the cleavage of Bid and the pro-
apoptotic effects of truncated Bid (tBid) on the mitochon-
dria. Direct activation of caspase-3 by larger amounts of
DISC formation and active caspase-8, however, can bypass
the mitochondria to lead directly to the caspase cascade
and apoptotic death (Fig. 2).162 FADD and RIP (receptor-
interacting protein) levels are increased in hearts of TNF-?
transgenic mice,163 whereas the levels of another protein,
FLIP (FLICE (caspase-8)-inhibitor protein), are decreased
in rat cardiomyoctes following hypoxia.164 Both conditions
can sensitize cardiomyocytes and other myocardial cells to
death receptor-mediated killing. FADD and RIP have also
been associated with innate immunity,165,166 and in light of
the potential role of such responses in post-resuscitation
disease, future investigations of these molecules may have
important implications beyond their roles in apoptosis.
There are several recent reports of Fas/caspase-8 involve-
ment in I/R-induced apoptosis in myocardium, mostly
from isolated cells or isolated heart models of myocardial
infarction.167–170 These reports also suggest that a signifi-
cant portion of the infarct is due to activation of the Fas-
mediated pathway, but that blockade of the pathway in
Fas-deficient mice,167,170 or in cells expressing a dominant
negative FADD,168 only partially reduced infarct size. These
data suggest that the initiating infarct persists, and that ini-
tiation of the injury is Fas-independent. It is possible,
therefore, that the mitochondrial pathway plays a critical
role in the early stages of I/R injury. Indeed, our data102,103

and those of others171 support an initiating role for the
mitochondrial pathway in I/R injury and place Fas/
caspase-8 activation downstream in amplification or post-
infarction roles.172

As the name suggests, the mitochondrial or intrinsic
pathway centers on the mitochondria and mitochondrial
proteins, but can involve other organelles as well.173 Details
of this pathway of apoptosis in cardiomyocytes have been
reviewed recently and elegantly126,127 and because of space
restrictions, we will limit our discussion to a brief consider-
ation of critical pathway mechanisms and what is known
about the major players in I/R-induced injury in the heart.
As mentioned above, several studies have implicated mito-

chondria in the initiation of I/R-induced apoptosis (see
recent review174). Mitochondria in cardiomyocytes depo-
larize during ischemia and a central role for generation of
mitochondrial reactive oxygen species (ROS) has been
implicated in this depolarization.175 At reperfusion, a burst
of ROS production can lead to the release of cytochrome c
from the mitochondria, which in turn initiates formation of
the wheel-like, heptad structure known as the apoptosome,
ultimately resulting in the activation of caspase-9 and the
caspase cascade (Fig. 3.2). Release of cytochrome c, and
perhaps other apoptogenic molecules such as Smac/
DIABLO, Omi/HtrA2, as well as AIF (apoptosis-inducing
factor) and Endo G (endonuclease G) (see below), involves
the permeabilization of the outer mitochondrial mem-
brane. There have been several mechanistic models of
this permeabilization (see reviews126,176,177), and while still
poorly understood, most include critical roles for the Bcl-2
family of proteins (see Fig. 3.3).126,178,179 Recent demonstra-
tions of potential roles of Bcl-2 family proteins in the regu-
lation of ROS production180 strengthens this association
and generates numerous important questions on the spe-
cific roles of Bcl-2 proteins in I/R-induced apoptosis.

The Bcl-2 family

The Bcl-2 family of proteins includes more than 20
members all of which share at least one of four conserved
Bcl-2 homology (BH) domains (Fig. 3.1). These proteins are
grouped into at least three different interacting classes or
subfamilies: (1) the anti-apoptoptic proteins, including
Bcl-2, Bcl-xL and at least two others, (2) the pro-apoptotic
proteins, which include Bax and Bak as the most charac-
terized members, and (3) the so-called “BH3-only” pro-
teins, including Bid, Bad, Bim, BNip3, PUMA and Noxa,
among others. The interactions among these proteins can
modulate critical steps early in the sequence of apoptotic
events through their initimate associations with the mito-
chondria. Regulation of the activity of many Bcl-2 proteins
is posttranslational, and both cleavage and confor-
mational changes are among such regulatory mecha-
nisms.181–183 Regulation of mitochondrial permeabilization
by homo- and heterotypic interactions between Bcl-2 pro-
teins is importantly, but not exclusively, involved in I/R-
induced apoptosis.127 Direct interactions of Bcl-2 proteins
with the outer mitochondrial membrane and disruption of
normal mitochondrial respiratory function appear to be
key to the intrinsic pathway.127

Of the Bcl-2 family members, Bid and Bax are two pro-
apoptotic members, which have been centers of attention
with regard to ischemia-induced cell death in the heart.
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For example, through the use of Bax knockout mice, the
participation of Bax in I/R injury in isolated murine hearts
also was elucidated recently; functional and apoptotic para-
meters examined in this study showed reduced damage in
the Bax-/- hearts and moderate levels of damage markers in
the heterozygote (Bax�/�) mice.184 In healthy cells, Bid is
located in the cytosol; it has been well studied as a “cross-
talker” between the death receptor (e.g., Fas)/caspase-8
pathway and the mitochondrial pathway via caspase-8
cleavage to truncated Bid (tBid)185 (see Fig. 3.2) Caspase-8-
mediated Bid processing was recently observed (only
during reperfusion) in a model of I/R-induced apoptosis in
rat cardiomyocytes.169 A role for Bid in I/R injury was also

demonstrated in additional rat and rabbit models.186,187

While a detailed discussion is beyond the scope of this
chapter, there are several other BH3 proteins, such as BNip3,
Bad, and Puma, for which there is also now evidence sup-
porting roles in I/R injury in the heart.188–193

AIF and EndoG – caspase-independent apoptosis?

Although caspases have been traditionally associated with
apoptosis as initiators, there are at least two factors
released by the permeabilized mitochondrion, namely AIF
and Endo G, which translocate to the nucleus (Fig. 3.3) and
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Fig. 3.3. Simplified diagram of apoptotic mitochondrial events.(a) Following an apoptotic insult, the

activation of BH3-only proteins leads to the release of cytochrome c (cyto c), as well as LAP inhibitors,

Smac/DIABLO and Omi/HtrA2 (b), from the inner membrane and intermembrane space. BH3 proteins

may directly activate Bax and Bak or inactivate their antagonists, the anti-apoptotic proteins, such as Bcl-

2 and BCI-XL. Bax is cytosolic and must translocate to the mitochondrial to exert its effects, while Bak

possesses a transmembrane domain (see Fig. 3.l) and is normally found in the outer mitochondrial

membrane. In one model, following an apoptotic signal, Bax and/or Bak can oligomerize and may form

channels large enough for cyto c and other proteins to escape into the cytosol. As shown in Fig. 3.2, cyto c

induces the formation of the apoptosome, initiating the caspase cascade. (c) Two other mitochondrial

proteins, AIF and EndoG, can also be released. While their release from the mitochondria may be

associated with caspase activity in some cells, their direct participation in DNA degradation appears to be

caspase-independent (d). Another model of apoptogenic protein release involve the putative

mitochondrial permeability transition (MPT) pore thought to consist of the adenine nucleotide

translocase (ANT), the voltage-dependent anion channel (VDAC) and other unknown constituents. This

model also involves Bax (or Bak) and proposes that Bax binds VDAC, inducing conformational changes

which permit apoptogenic protein release.
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may separately or in conjunction194 initiate chromatin
condensation and DNA fragmentation, two hallmarks of
apoptosis. Mammalian AIF is a flavoprotein with an oxi-
doreductase domain, and overexpression of AIF can cause
caspase-independent cell death in some systems.195 There
is some evidence, however, that endogenous AIF release
from the mitochondria requires caspase activity,196 and
this represents a requirement for caspase-2 activity, which
has been shown to act on the mitochondria following
certain apoptogenic stimulation of some cells,197–199

including I/R induction of cardiomyocytes.103 Both EndoG
and AIF are expressed in the mammalian heart,200–202, but
their roles in ischemic injury to the myocardium, particu-
larly during and after cardiac arrest, are not yet clear.
Nevertheless, there is evidence of AIF participation in
experimental infarcts in rat hearts,203 and protective treat-
ments in perfused hearts blocked the I/R-induced release
of AIF.204 On the other hand, AIF has also been shown to
have a potential anti-apoptotic role through its activity as
a free radical scavenger.205 Furthermore, recent evidence
shows that AIF may function as a vital mitochondrial res-
piratory enzyme in the myocardium206 and that its loss
may lead to oxidative stress in the myocardium and the
development of mitochondrial dysfunction, dilated car-
diomyopathy, and heart failure.207,208 Much work remains
to be done before we understand the mechanistic and, in
some cases dualistic, roles of apoptotic molecules in I/R-
injury in general, and in the post-arrest heart in particular.

Apoptosis as an anti-inflammatory strategy

One major feature of apoptotic removal of damaged cells
is the avoidance of inflammation, but apoptosis may also
function to resolve ongoing inflammation. In light of the
recent view that the resuscitated, post-arrest condition
is similar to one of sepsis or inflammation,209 this poten-
tial anti-inflammatory role for apoptosis takes on new
meaning and significance. I/R injury can activate the tran-
scription factor NF-kB, and although this factor can regu-
late the transcription of protective, anti-apoptotic genes,
it also initiates gene programs leading to innate immune
responses and the promotion of inflammation (see
review210). Recent data suggest that the innate immune
system may play an important role in cardiovascular dis-
eases,211 including ischemic injury in which these
responses may be beneficial in the short term, but mal-
adaptive if not resolved.212 The extent and duration of the
innate immune response is regulated by factors such as
cytokines, which help limit and resolve the response.
One such cytokine, IL-6, recently has been identified as a
critical factor in resolving innate immune responses (see

review213). In general, resolution of inflammation is
thought to involve apoptosis of inflammatory leuko-
cytes,214,215 and IL-6 may be intimately involved in this
process.213 Much of the activity of IL-6 in resolution of
inflammatory leukocytes can be attributed to signaling
through an endogenous soluble IL-6 receptor (sIL-6R), a
process referred to as IL-6 trans-signaling. While certain
cell types can be rescued in vitro by IL-6,216,217 IL-6 trans-
signaling promotes caspase-3-mediated apoptosis of neu-
trophils.218 The precise regulation of these IL-6 activities is
not clear, but the data support a central role for this
cytokine and its effects on apoptosis of inflammatory cells
in the induction and control or limitation of the innate
response, such as that seen following cardiac arrest and
resuscitation.209,219

Conclusion

Developing a better understanding of the molecular
pathophysiology of the post-resuscitation injury pheno-
type – ranging from early cardiovascular collapse and
death, to minimal cardiovascular dysfunction, to neuro-
logical impairment at hospital discharge – is the first step
towards developing other post-resuscitation therapies
beyond therapeutic hypothermia. Common cell responses
throughout the body (i.e., global responses) that occur
during the ischemia of cardiac arrest and the reperfusion
of CPR and ROSC likely involve oxidant stress and inflam-
mation. Both can be highly adaptive and protective in
moderation, but when a threshold of oxidant injury and
circulating inflammatory mediators is surpassed, post-
resuscitation injury ensues. Apoptosis plays a critical dual
role in both containing inflammation (i.e., apoptosis of
leukocytes) and amplifying injury (e.g., apoptosis of
cardiac myocytes and other vital tissue). Treating these
critical events by using new cytokine, oxidant and apopto-
sis modulation strategies will be necessary to resuscitate
patients fully from the Metabolic Phase of cardiac arrest.
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Introduction

Sudden cardiac death (SCD) is an enigma: despite an
overall decrease in cardiac mortality, SCD rates appear to
be rising along with the concomitant increase in preva-
lence of coronary disease and heart failure. Even with
decades of research, the underlying cellular mechanisms
and stimulus/triggers are not well understood. This
chapter addresses the application of large scale “omic”
strategies to this critical clinical problem. First, is a discus-
sion of the steps currently underway using genetic strate-
gies to characterize several inherited arrhythmogenic
diseases. The final two sections focus on two newer strate-
gies, the technologies of genomics and proteomics.

Genetics, genomics and proteomics are complementary
technologies. Figure 4.1 shows the flow from genes to pro-
teins and emphasizes the increasing complexity at each
step. Genetics strategies concentrate on identifying and
characterizing a small number of candidate genes,
informed by our understanding of the relevant biology, and
are largely focused on analyzing sequence variants.
Genomics looks more globally, with new approaches using
unbiased whole-genome scans to examine both sequence
variants and other genomic alterations, such as copy
number polymorphism. Analysis of expressed genes,
mRNA, is performed using the technologies of trans-
criptomics. Finally, the expressed proteins are studied
using proteomics. This includes potential mutations (seen
as amino acid changes) as well as post-translational
modification (such as glycosylation or phosphorylation). It
is only through the combined application of these tech-
nologies that we will be able to elucidate the under-
lying mechanisms of SCD, with the ultimate goal of

both predicting individual risk and improving therapeutic
intervention.

Genetics of cardiac ion channel diseases causing
sudden death

Introduction

The inherited diseases of the heart occurring in the
absence of structural abnormalities are the so-called
“primary electrical disorders” or “inherited arrhythmo-
genic diseases.” They typically manifest with peculiar elec-
trocardiographic features, syncope and sudden death in
young, otherwise healthy, individuals. The common
denominator of these disorders is the abnormality of pro-
teins controlling the excitability of myocardial cells and
their response, but the spectrum of genes and mechanisms
underlying these disorders is remarkable and progressively
expanding.

This section will summarize current understanding of
the genetic determinants of cardiac instability and the
abnormalities predisposing to sudden cardiac death in the
absence of structural cardiac abnormalities. We will also
briefly review the role of molecular genetics for manage-
ment and risk stratification.

Strategies for genetic analysis

The common denominator of all Mendelian (monogenic)
disorders associated with a risk of cardiac arrhythmia
and sudden death is the remarkable genetic hetero-
geneity. With the exception of a few mutational hot spots
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identified in long QT syndrome, the vast majority of
probands carry a private (i.e., nonrecurrent) mutation.
Obviously, this has profound impact on the choice of
strategies for testing, because it implies that the screening
for known mutations is not feasible. Systematic screen-
ing of the complete open reading frame (ORF) of known
genes by denaturing high-performance liquid chro-
matography (DHPLC) (or similar techniques allowing
detection of PCR fragment mobility anomalies) with
subsequent DNA sequencing of the abnormal migration
patterns, is the most widely used approach. Other labora-
tories perform direct ORF sequencing. At present there
are no robust sensitivity analyses performed to suggest
which approach is superior.

The success rate of genetic testing varies greatly accord-
ing to the different diseases. Approximately 70% of clini-
cally affected patients are successfully genotyped for
long QT syndrome (five genes) and catecholaminergic
polymorphic ventricular tachycardia (CPVT) (two genes),
while this percentage drops to 20%–25% for Brugada
syndrome patients. No data are available for other condi-
tions such as Familial Atrial fibrillation, Progressive AV
block and sick sinus syndrome since they have been only
recently characterized.

LQT4 and LQT7 variants of LQTS (see below) are consid-
ered rare and present peculiar phenotypes. Therefore, sys-
tematic analysis in all patients of this gene is not indicated.
Finally LQT8 usually arises de novo and all the reported
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patients in whom genetic analysis was performed have the
same CACNA1c gene mutation (see below).

Long QT syndrome

Clinical presentation
The Long QT syndrome (LQTS) is an inherited arrhythmo-
genic disease in the structurally normal heart characterized
by abnormally prolonged QT interval with peculiar mor-

phological abnormalities of the T wave. LQTS manifests
with syncope and/or cardiac arrest with a mean age of
onset of symptoms (syncope or sudden death) of 12 years.
Two major phenotypic variants have been described in
the early 1960s: one autosomal dominant (Romano–Ward
syndrome)1 and one rare autosomal recessive (Jervell
and Lange–Nielsen syndrome) also presenting with sen-
sorineural deafness2 (Table 4.1). Another rare LQTS variant
presenting with syndactyly and congenital heart defects
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Table 4.1. Genetic loci and genes causing Long QT syndrome

Chromosomal Gene

Locus name locus Inheritance symbol Protein Phenotypea OMIM ID

LQT1 11p15.5 AD KCNQ1 IKs potassium Long QT 192500

channel alpha

subunit (KvLQT1)

LQT2 7q35–q36 AD KCNH2 IKr potassium Long QT 152427

channel alpha

subunit (HERG)

LQT3 3p21 AD SCN5A Cardiac sodium Long QT 603830

channel alpha

subunit (Nav 1.5)

LQT4 4q25–q27 AD ANK2 Ankyrin B, Long QT, atrial 600919

anchoring fibrillation

protein

LQT5 21q22.1–q22.2 AD KCNE1 IKs potassium Long QT 176261

channel beta

subunit (MinK)

LQT6 21q22.1–q22.2 AD KCNE2 IK potassium Long QT 603796

channel beta

subunit (MiRP)

AND/LQT7 17q23.1–q24.2 AD KCNJ2 IK1 potassium Long QT, potassium- 170390

channel (Kir2.1) sensitive periodic

paralysis, dysmorphic 

features

LQT8/TS 12p13.3 ADb CACNA1c Voltage-gated Long QT, syndactyly, 601005

calcium channel, septal defect, patent

CaV1.2 foramen ovale, mental

retardation

JLNS1 11p15.5 AR KCNQ1 IKs potassium Long QT, 220400

channel alpha deafness

subunit 

(KvLQT1)

JLNS2 21q22.1–q22.2 AR KCNE1 IKs potassium Long QT, deafness 176261

channel beta

subunit (MinK)

AD�autosomal dominant; AR�autosomal recessive; RBBB�right bundle branch block; LQT1 to LQT6 also defined as Romano-Ward;

JLNS� Jervell and Lange–Nielsen syndrome; TS� Timothy syndrome; a syncope and sudden death are additional manifestations

possibly occurring in all variants; b parental mosaicism was demonstrated.



has been recently linked to a specific cardiac calcium
channel mutation (see below).

Genetic bases and pathophysiology
Seven LQTS genes have been identified as of March 2005

(Table 4.1). Isolated QT interval prolongation with or
without syncope/cardiac arrest (Romano–Ward syndrome)
may be due to mutations in five different genes while two
variants display QT interval prolongation in the context of
a multiorgan disease (Andersen syndrome, Timothy syn-
drome). All but one (LQT4) LQTS genetic subtypes are
caused by cardiac ion channels encoding genes.

These share the typical features of the different genetic
variants of LQTS by grouping them according to their
common pathophysiological substrate.

Defective IKs (LQT1, LQT5, JLN1 and JLN2)
KCNQ1 (causing LQT1 and JLN1) and KCNE1 (causing
LQT5 and JLN2) encode respectively for the alpha
(KvLQT1) and the beta (MinK) subunit of the potassium
channel conducting the IKs current, the slow component of
the delayed rectifier current (IK), the major repolarizing
current during phase 3 of the cardiac action potential. In
order to form a functional channel, KvLQT1 proteins form
homotetramers and co-assemble with (probably two)
Mink subunits.

LQT1 is the most prevalent genetic form of LQTS,
accounting for approximately 50% of genotyped patients.
Hundreds of different mutations have been reported and
in vitro expression of mutated proteins suggested multiple
biophysical consequences but all of them ultimately
causing a loss of function through haploinsufficiency or
dominant negative effect.3 Homozygous or compound
heterozygous mutations of KCNQ1 also cause the Jervell
and Lange-Nielsen form of LQTS (JLN1).

KCNE1 (LQT5) mutations are rather infrequent account-
ing approximately for 2%–3% of genotyped LQTS patients
and they may cause both Romano–Ward (LQT5) and, if
homozygous, Jervell and Lange-Nielsen (JLN2).4

Defective IKr (LQT2 and LQT6)
KCNH2 (LQT2) and KCNE2 (LQT6) genes encode for the
alpha (HERG) and the beta (MiRP) subunit of the potas-
sium channel conducting the IKr current, the rapid compo-
nent of the cardiac delayed rectifier. The KCNH2-encoded
protein, HERG, is a six transmembrane-segment protein
that forms homotetramers in the plasmalemma in order to
make up functional channels. The physiological role of
MiRP protein to recapitulate fully the current has been
postulated,5 although co-assembly of MiRP with other
voltage-gated potassium channels such as KvLQT1 has

been also reported.6 LQT2 is the second most common
variant of LQTS, accounting for 35%–40% of mutations.
Functional expression studies have demonstrated that
KCNH2 mutations cause a reduction of IKr current, but,
similar to LQT1 mutations, this effect may arise from dif-
ferent biophysical mechanisms.7 LQT2 is characterized by
higher penetrance and severity than LQT1.8 Mutations in
the KCNE2 gene9 cause the LQT6 variant of LQTS, which
has a very low relative prevalence (<1%) and the associated
phenotypes are characterized by incomplete penetrance
and very mild manifestations.

Defective INa (LQT3)
SCN5A encodes for cardiac sodium channel conducting
the sodium inward current (INa). At variance with KvLQT1
and HERG protein mutations, a single SCN5A transcript
forms a fully functional channel protein (Nav1.5). Several
allelic variants have been reported and functional expres-
sion studies showed that, at variance with LQT1 and LQT2-
asociated mutations, LQT3 defects cause a gain of function
with an increased INa (7). This final effect may originate
from altered current kinetic (delayed inactivation) or
single channel properties abnormalities (disperse reopen-
ings, bursting). The prevalence of LQT3 among LQTS
patient is estimated to be 10%–15%.

Defective Ankyrin B (LQT4)
The phenotype of the LQT4 patients differs from the typical
LQTS:10 QT interval is only mildly prolonged, but they also
present with sinus bradycardia, paroxysmal atrial fibrilla-
tion (detected in >50% of the patients), and with polypha-
sic T waves. Recently, a missense mutation in the ANK2
gene was identified in one family.11 ANK2 encodes for an
intracellular protein (Ankyrin B) that regulates the proper
intracellular localization of plasmalemmal ion channels
(calcium channel, sodium channel, sodium/calcium
exchanger) and sarcoplasmic reticulum channels (ryan-
odine receptor, inositol triphosphate receptor). The
paucity of LQT4 patients genotyped so far prevents gather-
ing further insights on the phenotypic features of this
variant of LQTS.

Defective ICa (LQT8 – Timothy syndrome)
LQT8, also called Timothy syndrome, is a rare and severe
disorder in which severe QT interval prolongation is invari-
ably associated with cutaneous syndactyly (hands and
feet) and a plethora of additional phenotypes (some still
poorly defined) occurring with variable incidence among
the affected subjects. The markedly prolonged and abnor-
mal ventricular repolarization (QT interval duration often
exceeds 600 ms) frequently causes the appearance of a 2:1
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functional atrioventricular block and macroscopic T wave
electrical alternans.

A high proportion of LQT8 patients have congenital heart
defects, mental retardation and autism. Furthermore,
severe hypoglycemia and immunologic (recurrent infec-
tions) disturbances are present in approximately 40% of
cases.

The therapeutic approach to LQT8 is unavoidably
empiric because of the limited clinical experience. The
effectiveness of beta-blockers or other drugs is unknown
and primary prevention with ICD may be considered. It
appears also important to monitor closely glucose meta-
bolism (intractable fatal hypoglycemia has been reported),
and to consider seriously any hyperpyrexia event.

The gene for Timothy syndrome has been recently
identified as CACNA1c encoding for the cardiac voltage-
gated calcium channel (CaV1.2) (Table 4.1).12 Interestingly,
the same mutation G408R was found in all the 13 probands
in whom the analysis was performed. In vitro func-
tional characterization showed a net increase of calcium
inward current and prolonged duration of action potential
duration.12

Genotype–phenotype correlation
In the last few years several studies have outlined the dis-
tinguishing features of the three most common genetic
variants of LQTS (LQT1, LQT2, LQT3), which account for
approximately 97% of all genotyped patients.

Locus-specific repolarization morphology and locus-
specific triggers for cardiac events have been described.13

LQT1 patients usually develop symptoms during physical
activity; conversely, LQT3 have events at rest. Auditory
stimuli and arousal are relatively specific triggers for LQT2
patients while swimming is a predisposing setting for
cardiac events in LQT1 patients.13

Locus-specific differences of the natural history of LQTS
have also been demonstrated and, combined with the QT
interval duration, allow genotype-based risk stratifica-
tion:8 a QTc >500 ms, and a LQT2 or LQT3 genotype are the
strongest predictors of outcome. Gender further modu-
lates the outcome according to the underlying genetic
defect: the LQT3 males and LQT2 females are the highest
risk subgroups. Preliminary evidence in small patients
populations suggests that risk stratification be further
refined when the position of a mutation on the pre-
dicted protein topology is taken into consideration: LQT2
patients with mutation in the pore-region are at greater
risk of cardiac events.14,15

Finally, a recent study by Priori et al. has demonstrated
that the response to beta-blocker therapy is also modu-
lated by the underlying genotype with a satisfactory

response among LQT1 but only partial protection afforded
by this therapy for LQT2 and LQT3 patients.16

Brugada syndrome

Clinical presentation
Brugada syndrome (BrS) is characterized by ST segment
elevation in the right precordial leads (V1 to V3), right
bundle branch block, and susceptibility to ventricular
tachyarrhythmia. The typical age of onset of clinical mani-
festations (syncope or cardiac arrest) is the third to fourth
decade of life, even though malignant forms with earlier
onset and even with neonatal manifestations have been
reported.17 Cardiac events typically occur during sleep or at
rest.18 The disease is inherited as an autosomal dominant
trait, but there is a striking unbalanced male to female ratio
of 8:1 for clinical manifestations. The lack of effective
pharmacological treatments makes the risk stratification a
primary issue in BrS. Available evidence attributes the
highest risk for events to patients with a spontaneously
abnormal ECG and a history of syncope. More debated is the
usefulness of programmed electrical stimulation (PES).19

Genetic basis and pathophysiology
The initial report of SCN5A mutations in BrS was published
in 199820 and, as of today, tens of different mutations have
been reported. Unfortunately, SCN5A accounts for no
more than 20% of clinical cases.21 Therefore, genetic testing
is not conclusive in 80% of BrS patients. Another BrS locus
was mapped in a 5 cM region on chromosome 3p22-25 but
the corresponding gene has not been identified yet (Table
4.2). Genetic testing, when successful, allows confirmation
of the diagnosis in borderline cases, identification of silent
carriers, and assessment of reproductive risk. Several elec-
trophysiological abnormalities have been identified all
leading to a loss of sodium current:7 reduced current
density, slower recovery of inactivation, shift of voltage
dependence of inactivation, enhancement in the interme-
diate inactivation, altered interaction with the sodium
channel �-subunit, and altered trafficking due to loss of
ankyrin G binding.22

Progressive cardiac conduction defect

Clinical presentation
Progressive cardiac conduction defect (PCCD) is a
common disorder in the elderly population. It is charac-
terized by progressive slowing of cardiac conduction
through the His-Purkinje system with right or left bundle
branch block and widening of QRS complexes. In the
majority of cases, it develops as a sporadic trait and is

74 L.A. Kane et al.



considered degenerative of aging. Familial cases have
been reported in some instances, thus suggesting a
genetic predisposition.

Genetic defects and pathophysiology
The first identified PCCD locus (also defined as progressive
familial heart block, PFHB) locus maps to 19q13.3 with an
autosomal dominant inheritance (Table 4.2). The linkage
with this region was subsequently confirmed by other
authors, but the corresponding gene is yet to be identified.
Conversely, by candidate gene screening, after the exclu-
sion of the 19q locus, Schott et al.23 described two families
with a SCN5A co-segregating with conduction defects
(Table 4.2). Few other mutations have been reported there-
after and in vitro assays suggest a loss of function effect.7

Given the low number of reported mutations/patients, at
present it is not possible to estimate the prevalence of
SCN5A-PCCD, nor the success rate of genotyping.

Sick sinus syndrome

Clinical presentation
Sick sinus syndrome (SSS) manifests with bradycardia,
syncope, dizziness, and fatigue. In some cases, sinus node
dysfunction and cardiac conduction defect may co-exist.
As for PCCD, the majority of SSS cases occur among elderly
subjects and are thought to represent a manifestation of
aging. Familial recurrence of SSS has been anecdotally
reported, although this is considered an “exceptional
finding.”
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Table 4.2. Genetic loci and genes involved in Brugada syndrome, Short QT syndrome, atrial fibrillation, conduction
block, and sinus node disease 

Locus Chromosomal Gene

name locus Inheritance symbol Protein Phenotypea OMIM ID

BrS1 3p21 AD SCN5A Cardiac sodium ST segment elevation, 601144

channel alpha RBBB

subunit (Nav 1.5)

BrS2 3p22–25 AD unknown unknown ST segment elevation, –

RBBB

PFHB1 19q13.2–q13.3, 3p21 AD unknown unknown Progressive cardiac 113900

conduction defect 

(PCCD)

PFHB2 3p21 AD SCN5A Cardiac sodium Conduction defect, 113900

channel alpha long QT (in some cases)

subunit (Nav 1.5)

SSS1 3p21 AD SCN5A Cardiac sodium Sinus bradycardia, sinus 608567 

channel alpha arrest, and/or sinoatrial 

subunit (Nav 1.5) block, atrial tachycardias

SQTS1 7q3p2135–q36 AD KCNH2 IKr potassium channel Short QT interval –

alpha subunit (HERG)

SQTS2 11p15.5 AD KCNQ1 IKs potassium channel Short QT interval –

alpha subunit (KvLQT1)

SQTS3 17q23.1–q24.2 AD KCNJ2 IK1 potassium channel Short QT interval –

(Kir2.1)

ATFB1 11p15.5 AD KCNQ1 IKs potassium channel Atrial fibrillation 607554

alpha subunit (KvLQT1)

ATFB2 10q22–q24 AD unknown unknown Atrial fibrillation 608583

chronic or paroxysmal

ATFB3 21q22.1–q22.2 AD KCNE2 IK potassium channel Atrial fibrillation –

beta subunit (MiRP)

AD�autosomal dominant; AR�autosomal recessive; a syncope and sudden death are additional manifestations possibly occurring in

all variants.



Genetic defects and pathophysiology
In 2003, Benson et al.24 described five affected children
from 3 kindreds with congenital SSS, and identified com-
pound heterozygosity (two different mutations, one from
paternal and one from maternal origin) for six distinct
mutations in the SCN5A gene (Table 4.2). Two of these
mutations had previously been associated with Brugada
syndrome. Heterozygous carriers were asymptomatic, but
showed subclinical cardiac conduction disease, particu-
larly first-degree heart block, suggesting a close relation-
ship between PCCD and SSS. As for PCCD and BrS, in vitro
expression of the SSS mutation is consistent with a loss of
function.

Familial atrial fibrillation

Clinical presentation
Atrial fibrillation is the most common sustained arrhyth-
mia encountered in clinical practice. It is not life-threaten-
ing per se, but it is the most frequent cause of embolic
stroke. In 3% to 31% of cases no underlying cardiovascular
disease can be detected and in some of them a familial
inheritance is evident.25

Genetic bases and pathophysiology
Brugada et al.26 mapped the first familial atrial fibrilla-
tion (FAF) locus to the long arm of chromosome 10
(10q22–q24) in three families (Table 4.2). The gene
located in this region has not been discovered yet. Chen
et al.27 mapped a large family on the short arm of chro-
mosome 11 (11p15.5), however, and identified a missense
mutation of KCNQ1, causing a gain-of-function effect on
the KvLQT1/MinK channel (see LQT1). The authors
speculated that the KCNQ1-FAF mutation is likely to ini-
tiate and maintain the arrhythmia by reducing duration
of the action potential and the effective refractory period
in atrial myocytes.

Very recently, another FAF mutation has been reported
in the KCNE2 gene causing an arginine-to-cysteine muta-
tion at position 27 (R27C).6 This mutation was found in
2/28 probands of families with FAF in whom a systematic
screening of cardiac ion channel encoding genes was
carried out. Functional study revealed that the mutation
had a gain-of-function effect on the KCNQ1-KCNE2
channel; unlike long QT syndrome-associated KCNE2
mutations, it did not alter KCNH2-KCNE2 current.

Unfortunately, despite these anecdotal reports, the
genetic determinants of FAF remain poorly characterized.
Therefore, at the present time the clinical applicability of
genetic testing for FAF is limited to research.

Short QT syndrome

Clinical presentation
The first report of a clinical condition characterized by
abnormally short repolarization was from Gussak et al. in
2000.28 They described two siblings and their mother all
of whom displayed persistently short QT interval (260–
275 ms). Thereafter few additional unrelated cases have
been reported. SQTS is also characterized by the absence of
structural heart disease, a quite remarkable familial history
of sudden cardiac death and a typical, hyperkalemic-like T
wave pattern at the resting ECG. No effective treatment for
this disease has been identified so far.

Genetic bases and pathophysiology
One KCNH2 missense mutation was initially identified in
two SQTS families.29 By means of in vitro expression the
authors observed a complete loss of the IKr rectification,
resulting in a large increase of current and a gain of func-
tion that may explain the abbreviated action potential and
therefore the QT interval.

Bellocq et al.30 reported another gain of function muta-
tion that affected the KCNQ1 gene in a 70-year-old male
presenting with idiopathic ventricular fibrillation and short
QT intervals (Table 4.2). This mutation causes an increase
in transmembrane current and a faster current kinetic,
resulting in a reduction of action potential duration.

The third SQTS gene has been recently identified by
Priori et al.31 who reported a gain of function mutation in
the KCNJ2 gene, the same as that causing LQT7 (Andersen
syndrome) when loss of function is present.

The recent findings on the genetic defects underlying
the SQTS phenotype together with the data on LQT3, BrS
and FAF, demonstrate that at least five genes encoding
cardiac ion channels and involved in the inherited arrhyth-
mogenic diseases (KCNQ1, KCNH2, SCN5A, KCNE2,
KCNJ2) may carry both gain and loss of function muta-
tions. According to their primary biophysical consequence
they originate different, and sometimes opposite, pheno-
types. Whereas the electrocardiographic manifestations
diverge, the common denominator of these different clin-
ical entities is the electrically unstable substrate that leads
to cardiac arrhythmias and sudden death.

Catecholaminergic polymorphic ventricular tachycardia

Clinical presentation
Catecholaminergic polymorphic ventricular tachycardia
(CPVT)32 is characterized by exercise- or acute emotion-
induced polymorphic ventricular arrhythmias, often
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causing syncope, a normal resting electrocardiogram, and
the absence of structural cardiac abnormalities. Symptoms
usually develop during childhood or adolescence,
although anecdotal reports of first symptoms during adult-
hood have been reported. In approximately 13%, cardiac
arrest is the first manifestation of the disease and familial
history of sudden deaths is present in 30% of cases.33 The
resting electrocardiogram is unremarkable33 and the diag-
nosis relies upon the reproducible pattern of arrhythmias
during graded exercise, in which a ventricular tachycardia
with an alternating 180° QRS axis on a beat-to-beat basis
(the so-called bidirectional VT) is observed. In some
patients irregular polymorphic VT is observed but the cor-
relation with exercise remains striking.33

Genetic bases and pathophysiology

CPVT1: autosomal dominant
The first locus was identified by Swan et al. who mapped
the disease to chromosome 1q42–43.34 In late 2000, Priori
et al. identified mutations in four families and demon-
strated that the CPVT gene on chromosome 1 is the cardiac
Ryanodine receptor (RyR2).35 Additional mutations have
been reported thereafter (Table 4.3).36,37

The Ryanodine receptor is a large protein that tetramer-
izes across the membrane of sarcoplasmic reticulum (SR)
and is a major player in the regulation of the intracellular
calcium fluxes and the excitation-contraction coupling.
The identification of RyR2 mutations in CPVT points to
the pivotal role of intracellular Ca2� handling in arrhyth-
mogenesis. RyR2 mutant proteins have been expressed in
different in vitro models (lipid bilayer, HEK293 cells, HL1-
cardiomyocytes) and the results consistently showed that
RYR2 defects cause a Ca2� “leakage” from the SR in condi-
tions of sympathetic (catecholamines) activation,38,39 while
the basal channel activity appears normal.

CPVT2: Autosomal recessive
Lahat et al.40 in 2001 mapped the autosomal recessive
variant of CPVT on chromosome 1p23–21 (Table 4.3).
Subsequently, the same group identified CASQ2 as the
gene for this locus (Table 4.3).41 CASQ2 encodes the cardiac
calsequestrin, the Ca2�-binding/buffering protein local-
ized in the terminal cisternae of the SR. Calsequestrin is
bound physically and functionally to the Ryanodine recep-
tor and cooperates with control of the excitation contrac-
tion coupling.

One experimental study42 has investigated (in rat
myocytes) the CASQ2 mutation previously identified by
Lahat et al. This study showed that CASQ2-D307H muta-
tion impairs the SR Ca2� storing and release functions, and
destabilizes the Ca2�-induced Ca2� release mechanism via
reduced Ca2� buffering inside the SR and/or altered
responsiveness of the Ca2� release channel complex to
luminal Ca2�.

Taken together, the experimental data demonstrated
that both genes involved in CPVT pathogenesis affect the
amount of Ca2� released from the SR during adrenergic
stimulation. Such an effect may create an electrically
unstable substrate, probably through triggered activity-
mediated arrhythmogenesis.

Conclusions

Many ion channels highly expressed in the heart and con-
trolling the depolarization-repolarization process have
been implicated in cardiac arrhythmias and sudden death.
Molecular genetics has revealed such a high level of genetic
and functional heterogeneity that the classification of dis-
eases based on their clinical phenotype is compellingly
challenged. The same protein, resulting from an altered
genetic program, may outcrop a variety of apparently unre-
lated (sometimes opposite) clinical phenotypes, depending
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Table 4.3. Genetic loci and genes causing catecholaminergic polymorphic ventricular tachycardia 

Locus Chromosomal

name locus Inheritance Gene symbol Protein Phenotype OMIM ID

CPVT1 1q42.1–q43 AD RyR2 Cardiac Ryanondine Exercise-induced 604772

receptor arrhythmias, normal

resting ECG, bradycardia,

sudden death

CPVT2 1p13.3–p11 AR CASQ 2 Cardiac Exercise-induced 114251

Calsequestrin arrhythmias, normal

resting ECG, bradycardia,

sudden death



on the specific functional consequences of the single muta-
tions. Despite this apparently impenetrable complexity,
thanks to these studies, our understanding of cardiac phys-
iology and pathophysiology has improved substantially.
Translation into clinical benefits is a laborious and complex
process that is only recently achieving partial success, with
progressively more informative management algorithms
derived from genotype-phenotype correlations. In the
years to come this process will eventually lead to the devel-
opment of individualized approaches for prevention and
therapy of cardiac arrhythmias and sudden death.

Genomics and sudden cardiac death

Introduction

While a great deal of progress has been made identifying
the genetic variants underlying monogenic long and short
QT syndromes, little to no progress had been made with
respect to the common forms of SCD. Indeed, the only reli-
able association reported for a relatively common variant
is with a single nucleotide sequence variant in the SCN5A
Na� channel gene, found only in African-Americans,
which has a small enhancement of arrhythmia risk.43 With
one-third of SCD events occurring as a first clinical event,
and fully two-thirds of SCD events occurring in individuals
in clinical circumstances that do not provide sufficiently
accurate prediction to warrant preventive intervention,44

the ability to identify genetic susceptibility markers for
SCD is critical.

The limitation of linkage studies

Traditional genomic approaches to identifying genetic sus-
ceptibility loci have relied upon family-based studies and
linkage analyses. These techniques have proven particu-
larly well-suited to monogenic diseases, which are gener-
ally due to rare variants in which carriers are likely to have
disease (high penetrance). In a complex phenotype like
SCD, multiple genes are likely to be involved and the sus-
ceptibility variants are likely to be common (“common
disease, common variant” hypothesis),45,46 and thus the
penetrance for any individual susceptibility variant is likely
to be low. In addition, the ability to collect DNA from fam-
ilies with SCD is extremely limited, as SCD occurs at later
ages, in which collecting DNA from parents is difficult.
Similarly, collecting samples for alternate family-based
strategies, such as affected sibpair analyses, are difficult,
DNA would need to be collected from a huge number of
individuals in the hope of identifying families that will have

a second SCD event. Given these limitations, researchers
have begun to focus on population-based case-control
association studies, in which unrelated affected individu-
als are compared to appropriate unaffected populations.

Association studies

Association studies: in theory
The association between a specific sequence variant and a
phenotype can arise in two ways. The mutation can occur
multiple times during the course of human history, as in
achondroplasia,47 each time occurring on a different
genetic background, or haplotype (i.e., it will have different
neighboring polymorphisms each time it occurs). Under
this scenario, whereas the mutation itself will be associated
with disease, neighboring markers will not. More com-
monly, a mutation may occur once or a few times during
evolution, such as with the ∆F508 mutation in cystic fibro-
sis,48 therefore arising on a distinct haplotype. If this
second model holds true for SCD, we can use a property
known as linkage disequilibrium (LD) to identify a region
harboring the underlying functional variant associated
with the phenotype, even in the absence of knowing the
functional variant itself. LD describes the non-random
association of neighboring polymorphisms with each
other. When a mutation occurs on a specific haplotype, it
will be transmitted to offspring along with its neighboring
polymorphisms, which can then serve as surrogates for
the mutation itself. Nevertheless, meiotic recombination
events occurring between a neighboring polymorphism
and the mutation will decrease the association, or LD,
between that marker and the mutation, and thus markers
closer to the mutation will have stronger associations with
the phenotype.

Association studies: past and present
The model for conducting association studies has been the
“candidate gene” approach, in which a list of genes based
on our current understanding of the biology are mined for
single nucleotide polymorphisms (SNPs) that may be asso-
ciated with SCD. A summary of the studies published to
date is given in Table 4.4. Noteably, none of the positive
findings have been replicated in a second study, the gold
standard for validation. In addition, these studies have not
really screened the gene, per se, for association with SCD,
but only a specific variant in the gene. There could be add-
itional variants that influence the risk for SCD, but that are
not in LD with the screened SNPs, and thus are missed by
this approach. The revolution in genotyping technologies,
both reducing cost and increasing throughput, has largely
eliminated the single gene/single SNP approach. Indeed,
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there are numerous platforms in which tens of SNPs in
hundreds of genes can be screened in a single assay. We can
thus start to think about comprehensively screening a
gene, using multiple SNPs distributed across the gene. By
measuring the LD between our marker SNPs, we can get
some measure of our power to identify an unscreened
functional variant anywhere in the gene. Although this
approach is markedly superior to the single gene/single
SNP strategy, and indeed allows for the exploration of
genetic pathways (i.e., a series of genes that influence a
common outcome), it is still limited by our current under-
standing of both the biology underlying SCD and of the
genome itself.

Association studies: extending the search
Despite the remarkable progress we have made in under-
standing the human genome, we know the function of
fewer than half the identified genes, and have recently dis-
covered non-genic regulatory elements, such as miRNAs.
In addition, regulatory elements that are distant from the
known structural gene have been identified.49 Thus, any
candidate gene approach has an a priori exclusion of more
than half of the relevant genome. The remarkable scale-up
of genotyping technologies has now reached the point
where, with current platforms, we can conduct unbiased
whole-genome association studies, screening >500 000
SNPs per sample.50,51 Thus we can use a high-resolution
map of SNPs distributed throughout the genome to iden-
tify regions associated with SCD (see Fig. 4.2). Indeed,
Ozaki et al.52 have successfully used this approach to iden-
tify the lymphotoxin-� gene as a susceptibility locus for
myocardial infarction. They screened 92 788 SNPs in 1133
cases and 1006 controls, and identified a functional variant
contributing to the observed association.

Assessment of genomic structure

The search for genetic susceptibility loci for complex
disease has been limited to looking for a sequence alter-
ation at a particular site. The existence of common copy
number polymorphisms, however, in which individuals

have heritable amplifications or deletions of specific
genomic regions, have now been reported.53–55 The role of
somatic copy number variation in cancer has long been
established, but has not been explored with regards to
complex disease. These copy number polymorphisms
make intriguing candidates for a complex phenotype like
SCD, as they may affect multiple genes and be dosage-
dependent across individuals. Until recently, detection of
changes has been limited to >1 Mb; however, recent
advances have allowed for detection of much smaller
changes (> 10 kb), including “genome tiling” BAC arrays,
digital karyotyping, optical mapping, and oligonucleotide-
arrays.56–59

Conclusions

The rapid advancement in genomic technologies has
opened new avenues of research for identifying suscepti-
bility loci for SCD. Not only can we perform whole-genome
scans for sequence variants, eliminating the bias due to
our incomplete knowledge of both the genome and biology
underlying SCD, but we can also scan for the role of a new
class of variants, copy number polymorphisms. The real
limitation now is the availability of well-phenotyped
samples and appropriate controls. In recognition of this,
several projects are currently underway to generate large
cohorts for future study,60,61 giving significant hope that we
will be able to identify genetic risk factors for SCD in the
near future.

Proteomics and sudden cardiac death

Overview of proteomics strategies

Genetic and genomic strategies as described in this
chapter are exceptionally useful for understanding the
genotype of diseased individuals. However, although they
are powerful, they do not tell the whole story. To under-
stand fully the cellular disease phenotype, it is important to
examine not only the genes and mRNA, but also the end
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Table 4.4. Summary of SCD association studies

Gene Variant Cases/controls Association Reference 

Platelet glycoprotein P1A1/A2 98/249 yes Mikkelsson et al. (2000) 

�2B-adenoreceptor in/del 288/412 yes Snapir et al. (2003) 

PAI-1 4G/5G 97/113 yes Anvari et al. (2001) 

Factor V Leiden 145/592 no Reiner et al. (2002) 

Prothrombin G20210A 145/592 no Reiner et al.(2002)  



products – the proteins. Proteomics is the scientific disci-
pline that examines global protein expression (the pro-
teome) in cells. The proteome is dynamic and flexible;
proteins are constantly being produced, degraded and
modified. Therefore, proteomics strives to quantify pro-
teins as well as to determine the specific isoforms, SNPs
and post-translational modifications (PTMs) (eg., phos-
phorylation, glycosylation, and acetylation) that comprise
the proteome. As such, information obtained from pro-
teomic studies is complementary to that obtained from
genetics and genomics.

Tissue or serum samples are highly complex mixtures of
proteins, and this complexity must be reduced before
further analysis. Complexity reduction can be accom-
plished by attempting to separate all the proteins in the
original sample, or by first subfractionating the sample
into several less complex mixtures. Often samples are

divided based on subcellular organelles, for instance the
mitochondria or myofibrils from cardiac myocardium or
extracted on the basis of a shared chemical characteristic,
such as hydrophobicity, which can be exploited with
various detergents. Once appropriately prepared, the
sample can be analyzed by a variety of separation tech-
nologies (outlined in Table 4.5). Protein separation is based
on using one or more of the intrinsic properties of proteins
or peptides: pI (charge), mass (size) or hydrophobicity
(water/oil solubility). A greater number of parameters/
dimensions used in the separation adds exponential
improvements in resolution/separation. The protein separ-
ation technologies can be broken down into three main cat-
egories: gel electrophoresis; liquid chromatography; and
mass spectrometry (MS). In most cases, a combination of
these must be used for thorough coverage of the proteome
or subproteome.
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Fig. 4.2. Schematic of genome-wide association study design. (1) Appropriately matched cases and controls are subject to genome-wide

SNP genotyping (shown here using Affymetrix chips); (2) SNP allele frequencies are compared to identify regions associated with disease;

(3) disease-associated regions are scanned for known functional elements, and cross-species comparisons can be used to identify

unknown regulatory elements; (4) direct sequencing of functional elements to identify causal variants.
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Table 4.5. Outline of popular proteomic techniques

Technology Method Application

Gel electrophoresis

one-dimensional � low-moderate separation based on � moderate separation

molecular weight � good for high molecular weight or very 

hydrophobic proteins 

Two-dimensional � high degree separation based on � excellent separation and potential for

isoelectric point and molecular weight PTM discovery

� limited use for very large or very

hydrophobic proteins 

Two-dimensional-differential � fluorescently tag proteins prior to IEF � allows comparison of different 

gel electrophoresis (DIGE) � tag separate samples with different samples in the same gel

fluorophores and combine for 2DE � decreases variability (from gel to gel 

variation) 

Liquid chromatography

One-dimensional � affinity columns – based on affinity � allows moderate separation of proteins

of proteins to antibodies or other or peptides based on a wide variety

binding ligands of properties 

� RP-HPLC – based on hydrophobicity

� size exclusion columns – based on

protein molecular size and shape

� ion exchange columns – based on

protein charge

Two-dimensional (2DLC) � IEF-based column followed by RP-HPLC � combination of two columns for high 

degree of separation 

Mass spectrometry

MALDI-TOF MS � protein identification based on peptide � capable of high through-put analysis of

mass fingerprint (PMF) large scale samples

� not effective if sample is a mixture of 

proteins 

MS/MS � protein identification based on peptide � analysis of more complex mixtures of 

fragmentation and amino acid masses proteins is possible

� requires higher skill level and more 

time than MALDI-TOF 

Immobilized metal affinity � chromatographic enrichment for � enrichment of phosphopeptides 

column (IMAC) phosphopeptides followed by MS/MS allows for greater analysis of this PTM 

analysis in the MS 

Isotope labeling � Isotope-coded affinity tag (ICAT)- � all of these procedures allow for 

peptides are labeled with heavy and light accurate relative quantification of

isotope tags prior to MS stable isotope peptides between samples 

labeling with amino acids in cell culture � ICAT and O18 labeling are good for 

(SILAC) – proteins are labeled in cell samples that cannot be obtained from 

culture with amino acids containing cell culture

either heavy or light N or  O18 labeling – � SILAC is excellent for quantification

peptides are labeled with either heavy or since whole protein can be labeled, 

light oxygen during enzymatic digestion not just peptides 



First described in 1975,62 two-dimensional gel elec-
trophoresis (2DE) has become one of the most widespread
techniques used in proteomics. 2DE separates proteins first
by isoelectric point (pI) by a process known as isoelectric
focusing (IEF), then in the second dimension by molecular
weight. Currently, 2DE has the potential to resolve upwards
of 5000 protein spots per gel.63 Over time, there have been
continued improvements in both the first64,65 and second
dimension.66 With this depth of separation, a significant
number of proteins can be analyzed concurrently for
changes in both expression level and PTM. Liquid chro-
matography techniques are similar in that they are used to
achieve separation of the proteome on the basis of one or
more of the physical properties of proteins.67,68 The most
commonly used is single dimension chromatography, such
as reversed phase chromatography. In particular, reversed
phase chromatography is often found online with MS, not
as a means not to separate proteins, but rather to spread out
the resulting peptides to allow for more coverage by the MS,
which is especially advantageous when separating peptides
from a complex mixture. A movement towards separating
proteins by using two- and three-dimensional chromato-
graphic separations is occurring, and often entails com-
bining isochromatographic focusing (pI), ion exchange
(charge) or size exclusion (mass) columns with reversed
phase HPLC (hydrophobicity).

Once the proteins have been separated into individual or
small groups of proteins, MS, which measures extremely
accurate masses of proteins (whole mass) or peptides, is
used to identify them. MS identification from gels or liquid
chromatography techniques involves enzymatic digestion
of the protein with the profile of peptide masses compared
to a theoretical profile from a known protein database
(termed protein mass fingerprinting). A single peptide
fragment can be selected in the mass spectrometer and
fragmented into its amino acid residues (tandem MS or
MS/MS). From these mass spectra, again by homology, the
amino acid sequence can be obtained, which allows for
unambiguous protein identification. There are many dif-
ferent types of MS analysis each with unique advantages
(some of these are listed in Table 4.5). An exhaustive
explanation of these technologies is beyond the scope of
this chapter, an in-depth review of this material can be
found in refs. 69 and 70.

Searching for answers to sudden cardiac death using
proteomics

Proteomic analysis of human diseases such as SCD can
address a wide variety of biological questions. These tech-
nologies can be used to deduce mechanisms of disease

through protein alterations or to search for predictive bio-
markers of disease. For cardiac diseases there are typically
two choices of samples to analyze: either direct analysis of
heart tissue or indirect analysis through patient serum or
plasma. The advantages and disadvantages as well as
appropriate strategies for each are discussed below.

Heart tissue (Fig. 4.3)
The clinical goal of studies on heart tissue is to translate
tissue-specific differences into tailored treatment strate-
gies of arrhythmias that target the origin of the malfunc-
tion. It is a long process from proteomics and the
identification of unique protein changes to identification
of a therapeutic target or pathway. It starts with the direct
analysis of the protein phenotype of the diseased heart
through the analysis of cardiac tissue. This creates a
problem when dealing with human heart diseases
because of limited tissue availability, although with the
appropriate study design it can be possible and com-
pelling.71 However, owing to tissue limitations, pre-
liminary studies often start with an appropriate and
translatable animal model system. Sudden cardiac death
presents an even more unique problem since such animal
systems are very difficult to develop. Nevertheless, there
are fundamental questions about the heart proteome that
once answered could lead the way to a greater under-
standing of cardiac mechanisms and thus SCD. For
example, one fundamental question considers the global
proteome differences between the conducting tissues of
the heart. Although the functions of the ventricles, atria,
SA node and AV node are well understood, there are gaps
in our knowledge of the similarity or differences of these
areas of the heart at the post-translational (protein) level.
SCD has primarily been linked to arrhythmic events and
as such many of the drugs associated with the prevention
of SCD focus on controlling such events. This highlights
the extraordinary importance of understanding the con-
ducting regions in the heart. An additional limitation of
this kind of study is the purity of the cell preparations. The
SA node preparations must not be highly contaminated by
the surrounding atrial tissue. Proteomic analysis of SA
node as compared to the atrial tissue is underway in our
laboratory (JVE) on a rabbit model (Fig. 4.3). It is hoped
that this study will reveal differences in expression or
PTMs of proteins in these essential tissues. A further
advantage of proteomic analysis is the discovery of novel
proteins, that were not previously known to be located
in these tissues, to exist in mammals, or to exist at all (a
hypothetical protein or homology). Often these proteins
have no known function. Coupled with the discovery of
novel PTMs of proteins, these data represent a wealth of
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possibilities toward understanding the protein-based
mechanisms of these important cell types.

In contractile tissues, membrane channels that conduct
the currents and allow the heart to contract are of key sig-
nificance, and proteomic technology gives a unique ability
to look at the status of multiple channels in these special
tissues, although very hydrophobic proteins are still some-
what problematic.72–74 Development of new detergents
(eg., ASB-1475 and C8�76) coupled with one-dimensional
(1D) gel electrophoresis or gel-free separation methods
that are amenable to detergents are leading the way in
adapting traditional proteomic techniques to membrane
proteins. Furthermore, initial enzymatic digestion of
membrane-enriched subproteomes enables the analysis
of “more soluble” peptides. While proteomics technology is
developing quickly, there is not yet a “perfect” proteomic
method for these troublesome, but important, proteins
that provides all desired information.

After the completion of an in-depth proteomics study,
candidate proteins that are associated with the treatment
or disease remain. It is then imperative to continue the
study with more traditional biochemical or molecular
biological techniques to validate the proteomics findings
and explain the function of the protein phenotype. Such
techniques often include the use of transgenic animals,
adenoviral gene transfer, or RNAi of isolated myocytes
to overexpress or knockout the protein of interest.
Candidate proteins can also be further investigated by

analyzing the cellular localization by microscopy tech-
niques. Localization provides key information toward
understanding how a protein change may cause or reflect
disease phenotypes. Proteomics is very powerful for
uncovering the proteins involved in disease processes,
but it takes collaboration with other biochemical disci-
plines to understand fully how protein changes affect
phenotype.

Serum
The goals of serum or plasma proteomic studies are most
often the identification of biomarkers for a specific
disease. Although preferred, these biomarkers do not
have directly to be involved in the underlying mechanism
of the disease but rather the biomarkers need only reflect
or correlate with the disease process. Although analysis of
human diseases through blood samples is much more
convenient for sample collection, serum has the limita-
tion of being indirect, studying the disease only through
the release of proteins from the heart into the blood.
Biomarkers of this nature can be used as a predictive
index of disease or as a diagnostic marker of the specific
disease type or disease progression. For SCD it is possible
that heart damage before an event releases proteins or
peptides into the blood, producing a predictive pro-
teomic profile and this profile could be used to screen
high risk patients for the likelihood of an imminent
cardiac event.
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Fig. 4.3. 2-D gel of atrial tissue (a) from rabbit. Enlargements of gel section from atrial tissue (b) and SA node (c) show potential variation

in protein content represented by the different spot patterns.
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Although serum has the advantage of being readily avail-
able, it has a major drawback when it comes to proteomic
study. The dynamic range of proteins within serum is
extremely high, with about 90% of the protein content
resulting from only the 10 most abundant proteins.77

Consequently, the low abundant proteins (often the pro-
teins of interest) are present in such low amounts that it is
very difficult to study them. This has led to the develop-
ment of systems to reproducibly deplete serum of its most
abundant proteins.78,79 An example of this dynamic range
problem and potential solution is shown in Fig. 4.4(a)
where the same amount of protein is loaded on to a 1-D gel
from normal serum (Lane 1) and from IgGs and albumin-
depleted serum (Lane 2). Figure 4.4(b) shows a 2-D gel of
the fully depleted serum. Clearly, the depleted serum
allows visualization of many more low abundant proteins.
This depletion technique can be applied to all types of pro-
teomics analysis, in addition to gel-based systems. Figure
4.5 demonstrates the necessity of this depletion applied
to 2DLC.

Once the problem of dynamic range has been resolved,
the other main problem is developing an appropriate
patient cohort for the analysis. One example of a current
study (Reynolds Foundation, Johns Hopkins University)
cohort is that of patients with implanted ICDs (Implantable
Cardioverter Defibrillators). The study involves regularly
collecting serum samples and monitoring the arrhythmic
incidents recorded by the ICD. Thus, such events can be
correlated to the time that serum was taken, and through
characterization of the serum, patient’s conditions can be
correlated with the proteomic phenotype of the serum. A
complicating factor is that the proteome is dynamic and
there is large biological variation among even control indi-
viduals. This variation as well as other factors, such as time
course of collection, clotting time, and sex differences must
be taken into account in such studies. The overall goal of
such large scale serum screens is to allow researchers to
predict and potentially prevent SCD.

Findings of such proteomic studies must always be
carefully validated against secondary and much larger
cohorts. This requires the development of much higher
throughput validation technologies that would allow
faster validation of potential targets across very large
cohorts. This is a quickly developing area of research that
has mostly focused on the use of antibody arrays or
protein chips. There are several technologies on the
market that include A2 (Beckman), Luminex (BioRad) and
the S�S FastQuant (Millipore). Figure 4.6 illustrates how
the A2 array is assembled (Fig. 4.6(a)) and the assay
methodology (Fig. 4.6(b)).

Future prospects

Proteomics is a rapidly evolving field. The technological
leaps that have been made since the first two-dimensional
gels were described in 1975 are astonishing. Researchers
are now capable of separating, identifying, quantifying,
and characterizing PTMs of proteins in a much shorter
time scale. This ability has almost limitless potential not
just for the understanding of disease mechanisms at the
cellular level, but equally important, for the discovery of
biomarkers to predict and prevent disease progression.
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Fig. 4.4 Serum depletion. Depletion of highly abundant proteins

is essential for analysis of serum. It is clear from (a) 1-DE of

whole serum and IgG/albumin-depleted serum proteins that

many more proteins are visible in the depleted sample (Lane 2)

than are in the whole serum sample (Lane 1) when both lanes

are loaded with the same overall amount of serum protein.

(b) A representative 2-D gel of IgG and albumin-depleted

serum proteins.
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Conclusions

Advances in our understanding of SCD through the study of
inherited arrhythmogenic diseases have been significant.
However, there is much left to learn before target therapeutic

and diagnostic/prognostic markers are developed. The
three scientific strategies discussed in this chapter can work
in synchrony to uncover the mysteries behind SCD. Genetics
and genomics will continue to provide vital evidence for
mutations that predispose patients to arrhythmogenic
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Fig. 4.5. Serum depletion for 2DLC. Depletion of highly abundant proteins from serum is also a

requirement for proteomic technologies other than 2DE. Whole serum does not allow for as many

proteins to be analyzed as, depleted serum does. (a) 2nd dimension RP-HPLC of whole serum fraction

20 (pH 5.4–5.69) from the 1st dimension (not shown) yields only 11 proteins that were identified by LC

MS/MS. (b) 2nd dimension IgG and albumin-depleted serum illustrate that an equivalent

1st dimension fraction (21, pH 5.49–5.56) of depleted serum allows for almost eight times as many

identifications (84) from the depleted serum by LC MS/MS.
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events and proteomics will strive to provide better under-
standing of the proteins involved and how they are modified
to produce a SCD-susceptible phenotype.
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Introduction

There are several general points to be considered with
respect to the perturbations in intracellular signaling that
are induced by ischemia and any subsequent reperfusion,
and these apply equally to the myocardium and to other
tissues. First, what are the changes in the activities of sig-
naling pathways wrought by prolonged periods of
ischemia and are these related to any subsequent patholo-
gies? Second, what are the mediators that lead to activation
of these signaling pathways and what are the cellular
sensors of these mediators? Third, what are the changes
that allow short periods of ischemia to be protective
against a subsequent period of ischemia that would nor-
mally inevitably lead to irreversible myocardial damage
(the phenomenon known as ischemic conditioning)?
Finally, what are the pharmacological options for interven-
tion so that the damaging effects of ischemia and
ischemia–reperfusion can be moderated or the protective
effects of conditioning be stimulated? These questions are
especially pertinent to the myocardium because the con-
tractile cells (the cardiac myocytes) are terminally differ-
entiated in the adult (i.e., they are incapable of undergoing
a complete cycle of cell division), having withdrawn from
the cell cycle during the perinatal period. This renders the
heart particularly vulnerable to myocyte death such as that
occurring during ischemic heart disease because the
myocytes that are lost cannot be replaced, and the only
palliative alternative is the regional expansion of the pre-
existing myocyte pool, i.e., cardiac remodeling.1

Ischemia and ischemia–reperfusion are associated with
gross disturbances in ionic balance and metabolic activity,
and increases in the production of reactive oxygen species

(ROS).2,3 ROS are purposely produced by a number of
enzymes (e.g., NAD(P)H oxidases, the xanthine dehydro-
genase/oxidase system, various peroxidases) and play
important biological roles (e.g., phagocyte-mediated
killing of infecting bacteria),4 but they are also produced as
a byproduct of mitochondrial oxidative phosphoryla-
tion.3,5 Even under arobic conditions, incomplete reduc-
tion of the end electron acceptor, molecular O2, gives rise
to superoxide anion radicals, hydroxyl radicals, and H2O2

(as much as 1%–2% of O2 is incompletely reduced), and this
is exacerbated during ischemia and worsened further
during reperfusion.3,5

The stress-activated protein kinases (SAPKs)

Classification of SAPKs

Many signaling events involve reversible protein phospho-
rylation and dephosphorylation (Fig. 5.1). Signaling in
ischemia–reperfusion is no exception. One group of sig-
naling proteins that is strongly activated by ischemia and
ischemia–reperfusion is the so-called stress-activated
protein kinases (SAPKs).6–8 These are closely related to the
bona fide mitogen-activated protein kinases (MAPKs) that
regulate cell growth, cell division, and cell survival (i.e., the
extracellular signal-regulated kinases 1 and 2 (ERK1/2), or
p44-MAPK and p42-MAPK, respectively9). Indeed, in spite
of attempts to clarify the terminology to render it more
logical,6 SAPKs are still often considered by many to be
MAPKs. The general hierarchy of activation of MAPKs/
SAPKs is similar in that a MAPK/SAPK kinase kinase phos-
phorylates and activates a MAPK/SAPK kinase, which then
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phosphorylates and activates a MAPK/SAPK (Fig. 5.2).
Such a “cascade” of protein kinases allows signal amplifi-
cation and integration. An equally important consider-
ation is how activation is reversed and a variety of classes
of phosphoprotein phosphatases is responsible for this. A
detailed consideration of such phosphatases, however, is
outside the scope of this chapter.

The phosphorylation of MAPKs/SAPKs by MAPK/SAPK
kinases is unusual in that a Thr- and a Tyr- residue in a Thr-
Xaa-Tyr tripeptide activation loop sequence are phospho-
rylated, and phosphorylation of both residues is necessary
for activation. Furthermore, both phosphorylations are
carried out by the dual-function (catalyzing both Ser-/Thr-
and Tyr- phosphorylations) MAPK/SAPK kinases. The
identity of the variable amino acid (Xaa) in the tripeptide
sequence is one criterion used for classification of MAPKs/
SAPKs. There is specificity upstream in terms of the protein

kinase activators of SAPKs. Thus, the SAPK kinases for the
SAPK1 group are different from those for the SAPK2 group.
The SAPK kinase kinases constitute a fairly diverse group of
kinases and it is still not clear whether there is specificity in
terms of their SAPK kinase substrates at this level, because
the SAPK1 and SAPK2 families are frequently activated in
an apparently concerted manner.

SAPK1

The SAPK1 group (Fig. 5.2), or the c-Jun N-terminal kinases
(JNKs), were first identified in livers of rats exposed in vivo
to the stress of administration of the protein synthesis
inhibitor, cycloheximide.10 In SAPK1, Xaa is Pro-. Their best
defined substrate is the transcription factor c-Jun which is
phosphorylated in its N-terminal transactivation domain
(residues Ser-63 and Ser-73) to increase the ability of the
protein to activate transcription. A further effect of these
phosphorylations is increased stability of the protein
towards proteolytic degradation.11,12 In Homo sapiens, there
are three JNK genes which give rise to multiple alternatively
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Fig. 5.1. Reversible protein phosphorylation and

dephosphorylation. Proteins can be phosphorylated on the

hydroxyl groups of Ser-/Thr-residues and/or Tyr-residues by

protein kinases, with ATP as the phosphate donor. There are up to

about 500 protein kinases encoded in the human genome, of

which the largest group phosphorylate Ser-/Thr-residues. In

some (though probably not all) cases, the phosphorylation(s) will

change the biological activity or properties of the protein

concerned. Phosphoproteins are dephosphorylated by

phosphoprotein phosphatases (about 100 encoded in the human

genome) which hydrolyze the phosphoester bond to release

inorganic phosphate (Pi). Notably, these cycles are unidirectional

(i.e., operate only in the clockwise direction in Fig. 4.1) but are

biologically-reversible (though requiring energy from ATP). All

possess a level of activity that is altered by biological signaling

events to change the proportions of the dephosphoprotein:

phosphoprotein. Because of the cyclical nature, alteration of

either the protein kinase activity or the phosphoprotein

phosphatase activity (or of both in the opposite direction)

changes the dephosphoprotein:phosphoprotein balance.
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Fig. 5.2. The stress-activated protein kinase (SAPK) cascades.

Activation of the SAPKs [which include the c-Jun N-terminal

kinases (JNKs or SAPK1) and p38-mitogen-activated protein

kinases (p38-MAPKs, SAPK2–4)], is the last step of a three-tiered

protein kinase cascade. SAPK kinase kinases (which are likely

themselves to be phosphorylated and dephosphorylated) phos-

phorylate and activate SAPK kinases, which then phosphorylate

and activate the SAPKs. Activation of these cascades is reversed by

dual-specificity phosphoprotein phosphatases which act on all

three phosphorylated residues (at the SAPK stage only), protein

Tyr-phosphatases (PTyrPases, at the SAPK stage only) and/or

protein Ser-/Thr-phosphatases (PSer/PThrPases, at all three

stages). For simplicity, the SAPK5 (or ERK5) cascade, which is also

activated by cellular stresses, is not shown.
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spliced transcripts.13 In non-neuronal tissues (including
heart), transcripts encoding proteins of approximately 46
kDa and 54 kDa originate from both the JNK1 and JNK2
genes. (It is possibly a fairly common misconception that
the JNK1 gene encodes the 46 kDa JNK species and the JNK2
gene encodes the 54 kDa JNK species: however, as Gupta et
al. 13 demonstrate, this is not the case.)

SAPK2, SAPK3, and SAPK4

SAPK2, SAPK3, and SAPK4 (Fig. 5.2) are also known as
the p38-MAPKs, and the identity of Xaa- is Gly-. The
four members of the SAPK2 group (p38-MAPK� and
p38MAPK�) originate from two genes, both of which are
alternatively spliced.14–16 They are inhibited by pyridinylim-
idazoles such as SB203580 and SB202190,14 and probably
play a role in inflammatory diseases such as rheumatoid
arthritis. SAPK3 (p38-MAPK	, also confusingly termed
ERK6) and SAPK4 (p38-MAPK
) are less well characterized
than the SAPK2 group and are not inhibited by SB203580.14

There is still discussion about the diversity of expression of
p38-MAPK isoforms in heart,17,18 though work in this
system has probably concentrated on those which are
inhibited by SB203580, i.e., the SAPK2 group.14 The best-
characterized substrates of the SAPK2 group are themselves
protein kinases, namely MAPK-activated protein kinases
(MAPKAPK) 2 and 3, which phosphorylate the Hsp25/27
small heat shock proteins and their orthologs (e.g., �B-
crystallin).19,20 Small heat shock proteins are molecular
chaperones involved in the control of the stability of the
cytoskeleton and possibly apoptosis.21,22 Whilst the biolo-
gical role of their phosphorylation is not entirely under-
stood, their phosphorylation state may modulate their
ability to regulate cytoskeletal stability.21 Over-expression
of these molecular chaperones protects the heart against
ischemia,23–25 and their phosphorylation during myocar-
dial ischemia or stress has been detected.26,27 Nevertheless,
some doubt remains as to whether the phosphorylation
event per se is cardioprotective.28

SAPK5

The final well-defined member of the SAPK group is
SAPK5, also known as extracellular signal-regulated kinase
5 (ERK5) or “big” MAPK 1 (BMK1).29 The identity of the Xaa-
residue is Glu-. Although classified as an ERK on the basis
of its Xaa- residue, it appears to be very different from the
“classical” ERKs (ERK 1/p44-MAPK and ERK2/p42-MAPK)
which, as bona fide MAPKs, regulate cell growth, division,
and survival, and which are activated by peptide growth
factors and other anabolic mediators. Again, a kinase

distinct from those activating SAPK1–4 is involved in the
activation of SAPK5. Regulation of SAPK5 in the heart and
cardiac myocytes has not been studied extensively (prob-
ably because assessment of its activation is not technically
simple), although it is activated by cytotoxic stresses.30 In
other cells, probably the best-defined SAPK5 substrates are
the myocyte enhancer factor 2 group of transcription
factors,29 suggesting a role of SAPK5 in regulation of gene
expression.

Effects of ischemia and ischemia–reperfusion on SAPK
activities

In the isolated heart, global ischemia activates SAPK2 (p38-
MAPK�/�) and this probably increases on reperfusion.31,32

Furthermore, it is possible that the classical SAPK kinase
kinase/SAPK kinase cascade is not responsible for this acti-
vation, which is instead mediated by SAPK2 autophospho-
rylation involving an ancillary protein known as TAB1, and
the AMP-activated protein kinase.33,34 In contrast, SAPK1
(JNKs) are not activated by ischemia, but are strongly acti-
vated on reperfusion.31 This is one of the few well-docu-
mented examples of differential regulation of SAPK1 and
SAPK2 which, as mentioned above, are normally activated
pari passu. It implies that SAPK1 and SAPK2 are regulated
by different upstream activators in this instance. Ischemia
and ischemia–reperfusion promote apoptotic and/or
necrotic cell death, but it is not clear whether the activation
of SAPKs promotes cell death or whether their activation
represents a pro-survival response in the face of a cytotoxic
insult. The field has been reviewed by both camps
recently.35,36 Resolution of this controversy has not proved
simple partly because, although there are relatively select-
ive inhibitors for the SAPK2 cascade (i.e., SB203580
and SB202190), there are no analogous inhibitors of the
SAPK1 cascade. Inhibition of SAPK2 with SB203580 does
appear to reduce cell death in the myocardium exposed to
ischemia–reperfusion32 an effect that is also seen with
“dominant-negative” approaches where activation of
SAPK2 is prevented by blocking the SAPK2 cascade with
mutated SAPK/SAPK kinase.37 Furthermore, activation of
SAPK1 and SAPK2 is also seen in human hearts in failure
following ischemic heart disease.38

What are the mediators of ischemia–reperfusion-
induced activation of SAPKs?

ROS represent the most likely mediators of ischemia–
reperfusion-induced activation of SAPKs. SAPKs are
strongly activated by exogenous ROS in the myocar-
dium,26,39 and the effects of ischemia–reperfusion on
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activation of SAPKs can be reduced by antioxidants.39-41 It
is not clear how ROS might activate the SAPKs. As with all
cyclical processes, it could be through increased positive
signaling (activation of SAPK kinases/SAPK kinase kinases)
or decreased negative signaling (inhibition of phospho-
protein phosphatases). The SAPK kinase ASK1 (apotosis
signal-regulated kinase 1) is activated by ROS in a relatively
complex manner, the description of which is beyond
the scope of this chapter.42,43 Equally, the dual-specificity
phosphoprotein phosphatases are particularly import-
ant in dephosphorylating and inactivating SAPKs (and
MAPKs).43,44 These phosphatases are Cys-dependent and
contain a reactive sulphydryl group in their active sites
which is susceptible to inactivating and possibly irre-
versible oxidation.45

How might SAPKs induce myocardial death?

Given that it is not clear how ischemia induces the death of
cardiac myocytes, then an obvious corollary is that it is not
clear how SAPKs might bring this about. In simple terms,
cells die by necrosis (unregulated cell death), apoptosis
(regulated cell death), or a combination of these. Necrosis
of cardiac myocytes probably involves swelling of the cell
itself and of subcellular organelles (because of decreased
ATP production and hence disturbances in ionic and
metabolic balance), ultimately resulting in cell burst-
ing. Necrosis does not require energy in the form of
ATP, whereas apoptosis is an energy-requiring process.
Apoptosis has been detected in hearts exposed to ischemic
and ischemia–reperfusion, and probably occurs in vivo as
a consequence of ischemic heart disease.46–49 There are two
pathways of apoptosis, the extrinsic (receptor-mediated)
pathway and the intrinsic (mitochondrial) pathway.50

Ultimately, both lead to the activation of proteolytic effec-
tor caspases (e.g., caspase 3) with regulated demolition of
cellular contents, nuclear and cellular condensation, and
resorption of cellular components into neighboring cells.
In the mitochondrial pathway, leakage of mitochondrial
proteins such as cytochrome c leads to formation of the
apoptosome and activation of the initiator caspase,
caspase 9.51 Individuals of a group of proteins (the Bcl2
proteins) either prevent or promote mitochondrial
leakage,51 and these are involved in SAPK1- or SAPK2-
mediated apoptosis. An extensive literature in this area
now exists (see, for example,52–58) though a consensus view
has not been reached, probably because different mech-
anisms apply to different cell types. For example, activa-
tion of the pro-apoptotic Bax or Bad proteins or inhibition
of the antiapoptotic activity of Mcl-1 may be essential in
SAPK1/SAPK2-activated apoptosis.52,53,55,59 Further details

are beginning to emerge. Thus, pro-apoptotic Bim is
subject to a SAPK1-dependent upregulation at the level of
transcription and/or a SAPK1-dependent phosphorylation
that may allow it to dissociate from microtubules and
either to activate pro-apoptotic Bax/Bak or to inhibit anti-
apoptotic Bcl2 in the mitochondrial outer membrane.54,60

Studies are, as usual, less advanced in cardiac sytems
though recent publications suggest that SAPK1 stimulates
the mitochondrial pathway of apoptosis,61 and that migra-
tion of Bax (and pro-apoptotic cleaved Bid) to mitochon-
dria during simulated ischemia/ischemia–reperfusion
may be mediated by an (AMP-activated protein kinase-
dependent?) activation of SAPK2.56,57 A putative scheme
of ischemia–reperfusion-induced cell death is shown in
Fig. 5.3.

Activation of additional signaling pathways by
ischemia–reperfusion

Protein kinase C
 (PKC
)

The PKC family are phospholipid-dependent kinases that
translate signaling events in the plasma membrane
further downstream.62–64 Although certain members of
the PKC family are the cellular receptors for tumor-
promoting phorbol esters (and are hence potentially
involved in cell division and/or inhibition of apoptosis),
PKC
, even though activated by phorbol esters, appears
to promote apoptosis.65–68 The ROS-mediated pro-
apoptotic effects of PKC
 involve its translocation to
mitochondria and other subcellular organelles,65,69 and
may additionally involve the non-receptor protein tyro-
sine kinase c-Abl (which is activated by ROS), SAPK2 and
the pro-apototic Bcl2 proteins, Bax and Bak.58,70

Alternatively, in neuronal cells, ischemia or ROS causes a
caspase-3-dependent cleavage of PKC
 to release its
(unregulated and active) catalytic domain.67,71–73 These
two pathways of activation are not necessarily distinct
because phosphorylation of a Tyr-residue (Tyr-311) close
to the caspase-3-cleavage site in PKC
 appears to
enhance the cleavage. Again, analogous studies in
myocardial systems are relatively unadvanced, but have
still found a focus in PKC
. Thus, PKC
 has been reported
to signal preferentially to the SAPK1 and SAPK2 cascades
and to potentiate ischemia-induced damage.74,75

Furthermore, ROS promote phosphorylation of Tyr-311
(and other Tyr-residues) in PKC
.76 These Tyr-phosphory-
lations are associated with release of PKC
 into the
soluble phase of the cell from the particulate fraction and
increased (lipid-independent) catalytic activity.76 Other
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studies have suggested that translocation of PKC
 to the
mitochondria following ischemia-reperfusion in the
intact heart may induce cell death in the heart by stimu-
lating the mitochondrial pathway of apoptosis.77

The endoplasmic reticulum (ER) stress response

The ER stress response (or the unfolded protein response,
UPR) embraces a complex series of events that is ini-
tially cytoprotective but which , if unrestrained, leads to
apoptosis.50,78 The ER is a complex subcellular organelle
that is intimately involved with translation of mRNA
species into immature proteins and in their subsequent
post-translational processing (polypeptide folding, disul-
fide bond formation, glycosylation) into mature proteins.
The ER is rich in molecular chaperones (proteins that
function in these folding processes) such as Grp78. In
non-muscle cells, the ER is also the principal intracellular
store of Ca2�, although, in cardiac and skeletal muscle
myocytes, a specialized form of the ER, the sarcoplasmic
reticulum (SR), assumes this role. Disturbances in Ca2�

homeostasis (e.g., depletion of ER Ca2� stores) and other
stresses (inhibition of glycosylation, oxidative stress, viral
infection) trigger the UPR and this involves the release of
signaling proteins that are normally tethered to the ER by
Grp78 into the cytoplasm. Depletion of SR/ER Ca2� stimu-
lates the UPR in cardiac myocytes.79 The UPR consists of
multiple parallel events, some of which (ASK1, SAPK1/2)
have been mentioned earlier. Others include the release
of the trans-ER membrane ATF6 transcription factor
from its Grp78 tether in the ER, proteolytic cleavage of
ATF6 at a juxtamembrane site, and migration of ATF6 to
the nucleus where it drives expression of mRNA species
encoding proteins (e.g., XBP1, Grp78) which perpetuate
the UPR. Induction of the UPR in response to ischemia–
reperfusion has not been examined extensively in the
heart. Its activation has been detected in ischemic
heart disease,80 however, and conditional activation of a
cardiospecifically expressed, cleaved (i.e., activated) ATF6
in transgenic mice protects hearts against ex vivo
ischemia-reperfusion injury.81 Activation of the UPR in a
myocardial context will potentially have important impli-
cations in cardioprotection.

Ischemic conditioning

In certain settings, controlled myocardial ischemia can
confer cardioprotection. Thus, repeated (1–6 times) short
periods (5 min) of ischemia interspersed with short periods
of reperfusion (5 min) protect the heart against a subse-
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Fig. 5.3. A putative signaling scheme for the death of the cardiac

myocyte in ischemia and ischemia–reperfusion. Ischemia and

any subsequent reperfusion lead to the formation of reactive

oxygen species (ROS, superoxide anion radicals, hydroxyl

radicals, H2O2) which activate the SAPKs. This leads to

phosphorylation of Bcl2 family proteins, increasing the pro-

apoptic activity of some and diminishing the anti-apoptotic

activity of others. Bcl2 proteins regulate the permeability of the

outer mitochondrial membrane, which is increased. The

mitochondrial permeability transition pore (mPTP) may also be

involved, but this is not regulated through Bcl2 proteins and is in

the inner mitochondrial membrane. Cytochrome c present in the

intermembrane space of the mitochondria leaks out of the

mitochondria into the cytoplasm. This leads to the assembly of

the apoptosome complex which includes the protein APAF-1,

ATP, and inactive initiator pro-caspase 9. Pro-caspase 9 has a low

basal activity but, when assembled in the apoptosome, this is

sufficient for the transautopeptidase of pro-caspase 9 to occur,

cleaving neighboring pro-caspase 9 molecules in the

apoptosome. The caspase cascade is triggered, leading ultimately

to the activation (by cleavage) of effector caspases such as

caspase 3, and cell demolition is initiated. In addition, ROS-

induced changes in ionic homeostasis, for which opening of the

mPTP may be partly responsible, leads to cell swelling and

bursting (necrotic cell death). For a given cell, death can result

though apoptosis, necrosis, or a mixture of the two, depending on

the signals it receives.



quent period of ischemia which would otherwise be
lethal.82–84 This phenomenon is known as ischemic precon-
ditioning and it was recognized in the heart over 20 years
ago.85 The initial period of protection lasts for only 1 or 2
hours but, in vivo, a “second window of protection” occurs
over the 24–72-hour period. Recently, it has been recog-
nized that the heart can also be protected if intermittent
ischemia–reperfusion is applied after the period of damag-
ing ischemia, a phenomenon known as ischemic postcon-
ditioning.83,84 Ischemic preconditioning may occur either
naturally or unintentionally in certain circumstances, for
example during “warm-up” angina or during certain surgi-
cal procedures (e.g., percutaneous transluminal coronary
angioplasty).82

Thus, it would potentially be therapeutically useful if
ischemic conditioning could be induced pharmacologi-
cally and this provides the motivation for the elucidation of
its mechanisms. Nonethelesss, a consensus on the mech-
anisms of ischemic conditioning is still lacking. Multiple
initiating stimuli have been identified and include oxida-
tive stress, vasoactive compounds (adenosine, bradykinin,
endothelin, NO, and others) and narcotics such as
opioids.82 Intracellular signaling studies have suggested a
role for PKC isoforms (especially PKC�)75,86 and the mito-
chondrial K�

ATP channel.87 More recently, a role for “pro-
survival” protein kinases such as ERK1/2 and protein
kinase B (PKB, also known as Akt) has been proposed.83

These are described in more detail in the subsequent
section. The suggestion is that ERK1/2 and/or PKB/Akt
prevent the opening of the mitochondrial permeability
transition pore (mPTP) at the time of reperfusion. The
mPTP is a non-selective ion pore in the inner mitochon-
drial membrane and its opening leads to mitochondrial
uncoupling, inhibition of mitochondrial ATP regeneration
and loss of ion homeostasis, followed ultimately by cell
death.88 Recent evidence from transgenic mouse studies
has indicated that inactivation of mPTP opening caused
by targetted gene deletion of one of its components
(cyclophilin D) protects the heart against ischemia.89–91

Furthermore, targetting cyclophilin D with cyclosporin A
or sanglifehrin A or inhibition of its other components (the
adenine nucleotide translocase) has suggested a strategy
for protection,88 though the current agents available are
probably unsuited for routine use in vivo because of
their wider effects (e.g., cyclosporin A is an established
immunosuppressant that also exhibits renal toxicity).

Potential for therapeutic intervention in
ischemia–reperfusion injury

With respect to cell signaling, there are two options
for strategies of reduction of the damaging effects of
ischemia and ischemia–reperfusion, inhibition of cyto-
toxic pathways or activation of cytoprotective pathways.
Allusions have been made earlier in this chapter of how
this may be achieved. For example, inhibition of SAPK1
(JNKs) and SAPK2 (p38-MAPK�/�) during ischemia
would be predicted to be cytoprotective and ex vivo evi-
dence to this effect has been presented.32,36,37 In vivo,
the SAPK2 inhibitors appear to improve cardiac viability
and performance in a hamster model of dilated car-
diomyopathy, though a SAPK1 inhibitor (SP600125) was
deleterious.92 (Note, however, that SP600125 is not partic-
ularly selective for SAPK1 and it inhibits a number of
potentially prosurvival protein kinases in addition to
inhibiting SAPK1.93) This is clearly an area for future
development.

Two cytoprotective pathways have received attention,
the PKB/Akt and the ERK1/2 pathways (Fig. 5.4). PKB/Akt
is classically activated by peptide growth factors such as
insulin-like growth factor 1 and insulin acting at their
transmembrane receptor protein tyrosine kinases. A
detailed description of the activation of PKB/Akt activa-
tion is outside the scope of this article, though an exten-
sive literature exists.94–96 In the heart, experimental
studies have shown that activation of PKB/Akt is cardio-
protective.97 The ERK1/2 cascade is also activated in the
cardiac myocyte by a less-extensive range of peptide
growth factors (e.g., epidermal growth factor and platelet-
derived growth factor, which also act at receptor protein
tyrosine kinases) than PKB/Akt. In cardiac myocytes,
however, agonists such as endothelin and �1-adrenergic
agonists (which act at a separate class of transmembrane
receptors, the Gq/11 protein-coupled receptors) activate
ERK1/2.98,99 This activation probably occurs through a
PKC-dependent pathway and hence tumor-promoting
phorbol esters are powerful activators of ERK1/2 in
cardiac myocytes.98,99 Again, a detailed description of the
ERK1/2 cascade lies outside the scope of this chapter.9,100

Suffice it to say that the organization of the ERK1/2
cascade is analogous to that of the SAPK cascades. Thus a
MAPK kinase kinase (c-Raf, A-Raf or B-Raf) activates
MAPK kinases (MKK1/2) which then activate ERK1/2. As
with PKB/Akt, there is now extensive evidence that acti-
vation of ERK1/2 protects against the damaging effects of
myocardial ischemia.101,102 The mechanisms of cardio-
protection are, at least in part, dependent on the abilities
of PKB/Akt and ERK1/2 to activate signaling which leads
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Fig. 5.4. Pro-survival protein kinases. The extracellular signal-regulated kinase 1/2 (ERK1/2) cascade is the archetypical mitogen-

activated protein kinase (MAPK) cascade. Activation of upstream signaling events (not described) leads to activation of the guanine

nucleotide binding protein Ras by stimulation of exchange of GTP with Ras-bound GDP increases Ras.GTP loading. The Raf isoforms

(c-Raf is shown), which are the MAPK kinase kinases for the ERK1/2 cascade, have a high affinity for Ras.GTP and translocate to the

membrane. In the case of c-Raf, phosphorylations and probably dephosphorylations occur at this location, and c-Raf becomes fully

activated. c-Raf then phosphorylates two Ser-residues on the MAPK kinases, MKK1 and MKK2, to activate them. MKK1/MKK2 then

phosphorylate ERK1 and ERK2 on a Tyr- and a Thr-residue to activate them in turn. Activation of c-Raf is reversed by Ras-mediated

hydrolysis of the bound GTP and presumably by changes in its phosphorylation state. MKK1/2 are dephosphorylated by protein Ser-

/Thr-phosphatases (PSer/ThrPases). ERK1/2 are dephosphorylated on both Tyr- and Thr-residues by the Cys-dependent dual-specificity

protein phosphatases. There are at least 13 dual-specificity phosphatases with differential specificity towards the various MAPKs, and they

are either constitutively or inducibly expressed. Alternatively, protein Ser-/Thr-phosphatases or Cys-dependent protein Tyr-phosphatases

(PTyrPases) dephosphorylate their respective sites individually. The mechanisms of activation of the ERK1/2 cascade by Gq protein-

coupled receptor (GqPCR) agonists such as endothelin-1 are incompletely understood. These agonists (or phorbol esters) activate the

diacylglycerol-sensitive protein kinase C isoforms and this probably leads to activation of Ras, though the nature of the connections is

unclear (indicated by the dashed arrow). Certain receptor protein Tyr-kinases (e.g., the epidermal growth factor receptor, EGFR) will also

activate the ERK1/2 cascade in the heart and are thus potentially prosurvival, but these have been omitted for the sake of simplicity.

In the protein kinase B/Akt (PKB/Akt) signaling pathway, activation of receptor protein tyrosine kinases (RPTKs, e.g., the insulin-like

growth factor 1 receptor, IGF1R or the IGFR) by their individual extracellular ligands (e.g., IGF1, EGF) leads to their autophosphorylation

on specific Tyr-residues. This increased Tyr-phosphorylation promotes binding of phosphoinositide 3-kinase (PI3K) to these phospho-

Tyr- (PTyr-) residues. This event places the PI3K catalytic subunit in the plane of the membrane where it phosphorylates

phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] to PtdIns(3,4,5)P3. In the unstimulated state, a proportion of the Ser-/Thr-protein

kinase 3-phosphoinositide-dependent kinase 1 (PDK1) is bound to the membrane through its phospholipid-binding domain by the

basal levels of PtdIns(3,4,5)P3 present. When PI3K is activated, PtdIns(3,4,5)P3 levels in the plane of the membrane increase and protein

kinase B (PKB) translocates to this locale by binding to PtdIns(3,4,5)P3. The juxtapositioning of PDK1 and PKB allows PDK1 to

phosphorylate and activate PKB/Akt.
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to a reduction in apoptosis. This is mediated in a number
of ways–phosphorylation and inhibition of pro-apoptotic
Bcl2 proteins and repression of genes encoding
proapoptotic protein mediators representing two of
them.103,104 Why then is there not more emphasis on pro-
moting the activation of PKB/Akt and ERK1/2 in the treat-
ment of myocardial ischemia? The problem is that
unregulated activation of these pathways in cells capable
of division would potentially induce malignancy, and so
systemic delivery of such agents would be potentially
harmful. Indeed, mutants of a number of the components
of the cell survival pathways (c-Raf, B-Raf, PKB/Akt) are
established oncogenes.

Conclusions

Understanding of the signaling processes involved in
ischemia–reperfusion injury and myocardial cell death
has increased dramatically recently and this understand-
ing has led to the formulation of protective strategies.
Nevertheless, complicating factors (the problems of tox-
icity of known inhibitors of cytotoxic signaling pathways,
the possibility of malignant transformation in the case of
activation of cytoprotective pathways) have so far pre-
cluded informed clinical application. It is likely that future
refinements (e.g., localized targetting of therapeutic inter-
ventions) will eventually bring benefits.
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Introduction

Sudden cardiac death remains a major public health
problem in the United States. Despite extensive study and
effective treatments for malignant ventricular arrhythmias
more than a quarter of a million people die suddenly each
year in this country.1 Sudden death accounts for more than
half of all deaths related to cardiovascular disease, coron-
ary artery disease is the most common pathological condi-
tion found in patients who die suddenly, and ventricular
fibrillation is the most common immediate cause of
death.2

In the last decade a decline in the incidence of out-of-
hospital ventricular fibrillation and a measurable improve-
ment in the long-term survival of patients who have been
resuscitated have been documented in the most well-
studied communities.3,4 Despite these gains and perhaps
because of the changing etiology of cardiac arrest, the
overall survival of cardiac arrest victims has not changed in
the past two decades.3 In communities with the most
sophisticated emergency medical services, the maximal
survival rate for out-of-hospital ventricular fibrillation is
about 30%.3,5 Understanding the mechanism of ventricular
fibrillation is critical to making a meaningful impact on the
incidence of this arrhythmia and improving the survival of
sudden death victims.

Ventricular fibrillation was described by Ludwig and
Hoffa in 1849 as an incoordinate heart action that pro-
duced a high metabolic rate of the myocardium but no
useful contractions.6 The hemodynamic consequences
of the disordered cardiac contraction and the funda-
mental electrophysiologic basis of ventricular fibrillation

were understood by the turn of the century. Porter, in
1898, stated that the essential nature of fibrillatory con-
tractions is the result of abnormalities in impulse
conduction.7 Observations by several investigators sup-
ported the concept that a critical mass of tissue was
required to maintain ventricular fibrillation, sponta-
neous recovery being common in the fibrillating hearts of
small animals such as cats, rabbits, mice, and fowl, while
spontaneous recovery in canine, bovine, and human
hearts is rare.8

By the 1930s a contemporary understanding of ventricu-
lar fibrillation was established with only rudimentary elec-
trocardiographic and hemodynamic measurements. This
included the concepts that the electrophysiological mech-
anism is re-entry,8 anoxia develops with cessation of coro-
nary blood flow, and the progressive decline in the strength
of contractions is due to substrate deprivation and accu-
mulation of metabolic byproducts.9 The last 70 years
have seen considerable refinement of our understanding
of the electrophysiology, hemodynamics, and metabolic
consequences of ventricular fibrillation. Despite intensive
study, however, our understanding of the pathophysiol-
ogy of this lethal ventricular arrhythmia is far from com-
plete.10,11

In this chapter we will review the electrophysiological
mechanisms of ventricular fibrillation, the resultant
mechanical and metabolic derangements associated with
this arrhythmia, and the clinical circumstances under
which ventricular fibrillation occurs with particular
emphasis on the most common precipitant, myocardial
ischemia. Finally, a brief perspective on the prevention and
treatment of ventricular fibrillation will be presented.
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Basic science

Electrophysiology of ventricular fibrillation

Ventricular fibrillation is a dynamic arrhythmia changing
electrically, mechanically, and mechanistically over time.
The changing nature of fibrillating myocardium was first
summarized by Wiggers who described four phases of ven-
tricular fibrillation.6 The first or undulatory stage of ven-
tricular fibrillation is characterized by comparatively large
wavefronts of excitation when induced by a premature
stimulus in the vulnerable period. The undulatory stage is
short-lived, lasting 1 to 2 seconds. The second or convul-
sive stage lasts from 10 to 30 seconds and the hallmark of
this phase is the division of the initial wavefronts of activ-
ation into smaller segments that activate the ventricle
more rapidly. The third stage could last minutes and was
termed the tremulous stage, the heart having this appear-
ance as the result of a large number of segments of reentry.
In the final stage contractions become progressively
weaker as a result of anoxia.6

More recent studies that utilize high density mapping of
the myocardium have focused on the mechanisms of initi-
ation of ventricular fibrillation (stages 1 and 2) and main-
tenance (stage 3) of this arrhythmia. The mechanisms of
initiation of ventricular fibrillation may differ from the
electrophysiologic mechanisms that maintain this tachy-
cardia. Moreover, no single mechanism suffices to explain
the initiation of all clinical and experimental ventricular
fibrillation, which is critically dependent on the myocar-
dial substrate. Independent of the mechanism initiating
fibrillation, the maintenance of this arrhythmia requires a
critical mass of fibrillating myocardium, and the appropri-
ate relationship between conduction velocity and refrac-
toriness of the ventricle.2

On the surface ECG, ventricular fibrillation appears
as an extremely irregular, almost random process of elec-
trical activation. This apparent turbulent pattern of
cardiac activity has led to a traditional belief that ventricu-
lar fibrillation is the consequence of total disorganized
activity; however, on closer examination there is organiza-
tion in ventricular fibrillation. The multiple wavelet
hypothesis,12,13 initially developed for atrial fibrillation,
was proposed by Moe in 1962. Two years later, the first
computer model of cardiac fibrillation demonstrated that
heterogeneity of refractory periods accounted for the
degeneration of periodic re-entrant activity to fibrilla-
tion.14 It was not until 20 years later, however, that firm
experimental support for the multiple wavelet hypothesis
was provided by Allessie and colleagues.15 Using high-
resolution mapping technology, they demonstrated that

multiple propagating wavelets caused fibrillatory activity
in the canine atrium.15

A related but alternative theory explaining fibrillation in
the heart is spiral wave re-entry. This theory posits that fib-
rillation is the result of activation of the heart by meander-
ing spiral waves (2D) or scroll waves or rotors (3D). Like
leading circle re-entry, spiral wave re-entry does not require
the presence of an inexcitable anatomical obstacle. The
nature of spiral waves produces the conditions necessary for
re-entry. The curvature of an activation wavefront creates a
spiral of activation with the core of the spiral conducting
slowly due to current source-sink mismatch and the distal
activation wavefront conducting more rapidly. Although
the core of the spiral is excitable, it remains unexcited by the
extreme curvature of the wavefront; thus, the location of the
core is free to move or drift. Fibrillation produced by scroll
waves may be the result of movement or meandering of one
or a small number of rotors or the propagation of smaller
meandering rotors from a stable mother rotor. In optical
mapping studies in isolated perfused canine hearts, tran-
siently erupting rotors, frequent wavefront collisions, and
wavebreak generation were easily detected in the fibrillating
ventricle.16 Ventricular fibrillation arises from breakup of a
single spiral wave or a pair of counter-rotating spiral waves
into multiple smaller wavelets.

In contrast to the multiple wavelet hypothesis, in which
constant formation of new wavelets via disintegration of a
spiral wave leads to multiple wavelet fibrillation, the
mother rotor hypothesis proposes that a single stable
high-frequency firing rotor is the driving force of ventricu-
lar fibrillation.17 The multiple wavelets result from the
failure of 1:1 conduction originating from the rapid
mother rotor to the surrounding myocardium and are
merely epiphenomena. In a normal Langendorff-perfused
rabbit heart, a single drifting spiral wave was associated
with rapid polymorphic ventricular tachycardia that was
indistinguishable from ventricular fibrillation.18 Jalife and
colleagues have proposed that the rapid firing rotor with
its dominant frequency is the fundamental source that
maintains the overall activity. The fast moving wave front
originating from a stable focal source propagates across
neighboring myocardial tissue and collides with the
obstacles along the wavefront, produced by both func-
tional and anatomical heterogeneities, resulting in
breakup of the spiral wave and formation of multiple
wavelets. The anatomical heterogeneities include the
normal atrial and ventricular structures, such as coronary
arteries, papillary muscles, atrioventricular rings, orifices
of aortic and pulmonary vessels, and changes in orienta-
tion of transmural muscle fibers. These unstable wavelets
produce the fibrillatory pattern of the ECG.
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Heterogeneities of repolarization and conduction in the
heart are important contributors to the genesis of ventric-
ular fibrillation. Restitution is a property of cardiac
myocytes that explains the changes in action potential
duration (APD) with changes in the timing or coupling of
activation during a rhythm at steady state. Thus the APD
of an extrasystolic beat is determined by the coupling
interval of that beat and the APD of the preceding beats.
The restitution hypothesis suggests that large oscillations
of the APD of the wavefront lead to breakup of spiral waves
into multiple wavelets. This process requires that the slope
of the action potential restitution curve, the ratio of APD
to the preceding diastolic interval, is �1, indicating that
small changes in diastolic intervals lead to dramatic
changes in APD. Indeed, the slope of the APD restitution
curve is a target for antifibrillatory therapy. Investigators
have demonstrated through experiments and simulations
that flattening of the restitution curve is antifibrillatory.19

The dynamic changes in repolarization may further exag-
gerate existing temporal and spatial heterogeneities in
repolarization that constitute an important component
of the substrate for ventricular fibrillation (Fig. 6.1).
Restitution is a property of conduction as well and recent

reports similarly suggest that steep restitution of conduc-
tion may be profibrillatory.20 Importantly, restitution
curves for both repolarization and conduction are multi-
phasic so that simply changing the shape of a portion of
the curve may not produce the anticipated effects on pre-
disposition to fibrillation.

The ion channels that participate in the perpetuation of
ventricular fibrillation have been debated. Depolarization
of the membrane potential during fibrillation would imply
that the action potential generated in myocardial cells
during this rhythm should be so-called “slow” action
potentials, whose upstrokes are mediated by Ca2� chan-
nels. There is general agreement that in the later stages after
several minutes of fibrillation, Na� channels that underlie
the upstroke of the “fast” action potential are inactive.21–23

The role of the Na� channel in early ventricular fibrillation
is less clear. Recent evidence in a non-ischemic model of VF
in an intact canine heart has demonstrated the participa-
tion of both Na� channels and Ca2� channels in the electri-
cal activation of the fibrillating heart.21 The rate of the rapid
upstroke of the action potential and the inability of either
verapamil or the Na� channel-specific toxin tetrodotoxin
(TTX) to prevent ventricular fibrillation supports a role for
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both of these channels in the early stages of the arrhythmia.
Identifying the molecular participants in fibrillation during
its early stages may provide insights into the mechanism
of maintenance of ventricular fibrillation and the mecha-
nism of defibrillation. The latter is particularly relevant
to ventricular fibrillation that is treated immediately by
implanted defibrillators.

Recent studies have suggested an important role of the
inward rectifier potassium current (IK1) in rotor stabiliza-
tion during ventricular fibrillation.24,25 In isolated perfused
guinea pig hearts, a stable high frequency rotor is always
found in the anterior left ventricle maintaining ventricular
fibrillation. Cellular experiments with voltage clamp
recording have demonstrated that the current density of
the outward component of IK1 was larger in myocytes iso-
lated from left ventricles than that from right ventricles.
Computer simulations further suggested that larger IK1 is
associated with shorter APD, faster activation, and more
stable rotors. On the other hand, a different study of ven-
tricular fibrillation in guinea pig hearts did not find the
fastest activation rate or sustained rotors in the anterior left
ventricular epicardium.26 Instead, they observed that the
maintained ventricular fibrillation was characterized by
the presence of multiple wavelets. The faster activation

rates were located in the apex and slower activation rates
were found at the base of the heart, which might be related
to the spatial gradient of the rapid component of the
delayed rectifier current (IKr). An alternative explanation
for the two competing hypotheses of ventricular mainten-
ance is provided by different types of ventricular fibrilla-
tion (type I and type II, Fig. 6.2). In large mammalian
hearts, however, mother rotors have not been convincingly
demonstrated.27,28 Thus, it appears that at least at the initial
stages of ventricular fibrillation in large mammalian
hearts, dynamic wavebreak is a prominent mechanism.

Structural heart disease and sudden death

The mechanism(s) of sudden cardiac death, and ventricu-
lar fibrillation in particular, have been described in terms
of a biological model by Myerburg and colleagues, where
functional alterations initiate a common electrogenic
pathway that permits otherwise benign electrical events
to initiate lethal arrhythmias in the setting of structural
heart disease.29 There are numerous specific pathological
conditions that can provide the appropriate substrate
for ventricular fibrillation, which can be divided into
four general classes: myocardial infarction, hypertrophy,
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cardiomyopathy, and structural electrical abnormalities.29

The overwhelming majority of structural abnormalities
are the result of coronary artery disease, with ischemia
and reperfusion providing a major adverse modulatory
influence that may predispose to VF.

Pathological examination of the hearts of patients who
die suddenly reveals prior myocardial infarction in up to
75% of cases,30,31 although acute myocardial infarction
occurs in the minority of cases.32 The presence of mural
thrombus in the coronary arteries is common in patholog-
ical examination of hearts of sudden cardiac death victims
and may be responsible for transient ischemia or reperfu-
sion of the myocardium that triggers ventricular tachycar-
dia or fibrillation.33 Such transient functional changes in
the setting of any structural disease are likely to have
adverse electrophysiological consequences that can be
associated with sudden death.29 Other such modulatory
functional influences include metabolic and hemody-
namic changes, neurohumoral influences, and the pres-
ence of toxins and drugs such as antiarrhythmics.

There is a strong epidemiological association between
ventricular hypertrophy and sudden cardiac death that
holds true for both primary34 and secondary35–37 causes of
ventricular hypertrophy. The clinical data available suggest
that the majority of sudden deaths in patients with left ven-
tricular hypertrophy are related to malignant ventricular
arrhythmias, although adverse hemodynamic conse-
quences of SVT or severe bradyarrhythmias are likely to
play a role in some high-risk patients.38,39 Because of the
heterogeneity of this group the appropriate diagnostic and
therapeutic strategies for sudden death prevention, short
of prevention of ventricular hypertrophy, are controversial
and should be tailored for each patient.

Patients with dilated cardiomyopathy of any cause are at
high risk of sudden death. The mechanism(s) of death may
vary depending on the subgroup of patients selected,40 but
all subgroups are likely to include a significant proportion
who die as a result of malignant ventricular arrhythmias.The
anatomic and electrophysiogical heterogenity that charac-
terizes the myopathic ventricle provides a suitable substrate
for ventricular arrhythmias, which is the probable mecha-
nism of sudden death in the majority of these patients.
Unfortunately, identification of those at highest risk and the
optimal therapeutic approaches remain elusive.41

Other structural and electrical cardiac abnormalities
may predispose to ventricular fibrillation in the absence of
fibrosis or scar. These include accessory pathways with
rapid anterograde conduction42 and abnormalities of
repolarization such as that associated with the long QT
syndrome.43,44 Both substrates are subject to functional
modulation by endogenous (e.g., neurohumoral) and

exogenous (e.g., antiarrhythmic drugs) factors that could
alter the electrophysiological state of the heart and predis-
pose to ventricular tachycardia and/or fibrillation.

Modulation of a myocardial substrate may lower the
ventricular fibrillation threshold, dramatically enhancing
the tendency of the heart to fibrillate. The major endo-
genous factors include myocardial ischemia, autonomic
nervous system tone, and metabolic and electrolyte dis-
turbances (Table 6.1). The state of the autonomic nervous
system is particularly relevant to sudden cardiac death due
to ventricular arrhythmias in patients with myocardial
infarction and patients with congenital or acquired QT
prolongation. Regeneration of cardiac sympathetic nerves
(nerve sprouting) can produce heterogeneous sympathetic
innervation and a predisposition to ventricular fibrillation
and sudden cardiac death.45–47 After myocardial infarction
there is a region of viable but denervated myocardium that
may exhibit arrhythmogenic hypersensitivity to catecho-
lamines.48 This may contribute to the increased risk
of sudden death in patients with heightened sympathetic
tone after MI, as assessed by studies of heart rate varia-
bility49 and the efficacy of beta-blocking drugs in reducing
mortality after infarction.50,51 Other possible salutary
effects of beta-blockers include: prevention of myocardial
ischemia, prevention of catecholamine-induced hypokale-
mia, and antagonizing catecholamine effects on platelet
aggregration.52 Interestingly, intravenous magnesium chlo-
ride, which has many cellular effects, also blocks catecho-
lamine release53 and may reduce mortality in myocardial
infarction.54

Metabolic and electrolyte disturbances also modulate
potentially arrhythmogenic substrates, increasing the like-
lihood of ventricular fibrillation. Diuretic usage with its

Electrophysiology of ventricular fibrillation 105

Table 6.1. Factors enhancing the vulnerability of the
myocardium to fibrillate

Intrinsic Extrinsic

Hypertrophy Increased sympathetic nervous 

system activity

Ischemia Vagal stimulation

Myocardial failure Metabolic abnormalities

Enhanced AV conduction hypokalemia

bypass tracts hypomagnesemia

“fast” AV node Antiarrhythmics and other drugs

Abnormal repolarization psychotropics

(congenital or acquired) digitalis

Bradycardia sympathomimetics

terfenidate, hisminal

Environmental (electrocution)



associated hypokalemia and hypomagnesemia has been
associated with ventricular fibrillation and sudden cardiac
death in patients with acute MI,55,56 hypertensive heart
disease,57 and heart failure.58 Changes in serum K� may
influence the electrophysiological substrate in a number of
ways, including altering automaticity, changing excitabil-
ity, and altering the function of repolarizing currents.

Antiarrhythmic drugs have received much attention
recently, not for their efficacy but for their potential for
arrhythmia aggravation.59,60 The propensity of drugs that
prolong the QT to produce polymorphic VT and ventricu-
lar fibrillation is well known.61–65 Agents without substan-
tial effects on repolarization may also cause arrhythmia
aggravation and increase mortality in patients with struc-
tural heart disease.59,60 In addition to the possibility of
arrhythmia aggravation, these agents may interfere with
definitive therapy for ventricular fibrillation by increasing
the threshold for defibrillation (see below).

The problem of ventricular fibrillation in patients without
structural heart disease is a vexing but fortunately uncom-
mon problem.66 A recent review of 19 studies with a total of
54 patients defined the demographics of patients with
apparently normal hearts and ventricular fibrillation. The
patients are predominantly middle-aged males, only a
quarter have a prior history of syncope, and non-invasive
electrocardiographic studies are generally unrewarding.
Spontaneous reversion of ventricular fibrillation in this
group was uncommon (less than 10%) consistent with the
findings of ventricular fibrillation in the presence of struc-
tural heart disease.67 In the absence of an exogenous agent
that alters the electrophysiology of the myocardium, the
mechanism of ventricular fibrillation and sudden death is
poorly defined since there are no strategies to identify
these patients prospectively. It is possible that transient
functional disturbances that interact with abnormal
myocardium, as described previously, may under extreme
circumstances produce electrophysiological changes of suf-
ficient magnitude to initiate ventricular arrhythmias in
normal hearts. The role of abnormalities of repolarization
and, specifically, dispersion and inhomogeneity of repolar-
ization has recently received attention as a mechanism of
arrhythmias in normal hearts.

Increasing evidence suggests that genetic factors con-
tribute to the risk of sudden death independent of the risk
for coronary artery or other structural heart disease. Two
population- based studies suggest that there is a significant
genetic influence in the risk of SCD by virtue of the familial
clustering of events.68,69 In a population-based case-control
study from Seattle, the rate of cardiac arrest in first-degree
relatives of arrest victims was 50% greater than the rate in
control subjects, independent of other risk factors for SCD.68

In the Paris Prospective study of male municipal employees,
a history of SCD in one parent increased risk by 80%; a
history of SCD in both parents led to an extraordinary 880%
increase in the risk of SCD for the offspring. Again this was
independent of other known risk factors for coronary or
other structural heart disease.69 Thus, independent of the
presence or risk of myocardial disease, a significant compo-
nent of the risk for cardiac arrest often resulting from ven-
tricular fibrillation, is genetically determined.

Myocardial substrates for ventricular fibrillation

The development of ventricular fibrillation requires an ini-
tiating stimulus and a susceptible myocardium that interact
in a complex, incompletely understood fashion. There are
many factors that can enhance the vulnerability of the
myocardium to fibrillate and thus lower the ventricular fib-
rillation threshold (Table 6.1). Some are intrinsic to the
heart, such as myocardial mass and the existence of bypass
tracts, others are the result of cardiac pathology producing
local depolarization and abnormal automaticity, and still
others can result from altered neurohumoral input to the
heart generating increased non-uniformity of refractoriness
or altered automaticity.2,70,71 We will focus on recent findings
concerning the induction of fibrillation, with emphasis on
the mechanisms that may be operative in patients with
common forms of structural heart disease. For a compre-
hensive discussion of some of the previous literature the
reader is referred to several excellent reviews.2,70,72,73

Ventricular fibrillation in myocardial ischemia

Ischemic myocardium is one of the most studied and
complex models of ventricular fibrillation, providing an
appropriate substrate for re-entry, abnormal automaticity,
or triggered arrhythmias. For a comprehensive treatment
of the mechanisms of arrhythmogenesis in acute and
chronic coronary artery disease, the reader is referred to a
review by Janse and Wit.74

In ischemic tissue, ventricular tachycardia often pre-
cedes, and subsequently degenerates into fibrillation.75 It
is clear that arrhythmogenic conditions in ischemic
myocardium are dynamic and predispose to the slowed
conduction and unidirectional conduction block required
to support re-entry. Ischemia also enhances automaticity
of Purkinje fibers, promotes abnormal automaticity of
muscle fibers, and is associated with alterations in Ca2�

homeostasis and enhanced endogenous catecholamine
release associated with non-re-entrant arrhythmias.

Ventricular arrhythmias appear in two distinct phases in
the first 30 minutes after complete occlusion of a coronary
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artery in an experimental animal (Table 6.2). The first
phase occurs immediately after occlusion of the vessel
(2–10 minutes) and is called phase Ia; the second or phase
Ib occurs 15–20 minutes after coronary occlusion.
Experimental evidence suggests that the mechanisms of
phase Ia and Ib arrhythmias are different. Phase Ia arrhyth-
mias occur in the setting of marked conduction slowing
and delayed activation of the subepicardial muscle.76

Ventricular electrograms recorded from the epicardial
surface of the heart at this time are fractionated and
reduced in amplitude, consistent with depolarization of
the membrane and slowed conduction.77 High density
mapping has confirmed that during this phase ischemic
ventricular arrhythmias are primarily re-entrant. Phase Ib
arrhythmias are characterized by less abnormal electro-
cardiograms76 and these arrhythmias can be effectively
prevented by beta-blockers or prior catecholamine deple-
tion of the myocardium.78 It seems most likely that phase
Ib ventricular arrhythmias are related to the release of
endogenous catecholamines that increase the likelihood
of non-re-entrant mechanisms such as abnormal auto-
maticity and/or triggered activity.

Reperfusion of ischemic myocardium may also be
arrhythmogenic.79 Indeed, in some species VF occurs more
frequently with reperfusion than after ligation of a coronary
artery.80 In humans, reperfusion-associated arrhythmias
are frequent, the most common being accelerated idioven-
tricular rhythms, but ventricular fibrillation is decidedly
rare.81 Experimental evidence suggests that macrore-entry
is not a common mechanism of ventricular arrhythmias
during reperfusion.82,83 High density mapping of reper-
fused ischemic myocardium fails to reveal diastolic electri-
cal activity during ventricular tachycardia, and tachycardia
is initiated from discrete sites in the subendocardial
border zone that lack conduction delay or inexcitable
segments.82–84 Reperfusion-induced ventricular arrhyth-
mias may be due to delayed afterdepolarization-mediated
triggered activity.85 Indirect evidence for this assertion is
suppression of these arrhythmias by Ca2� channel block-

ers85 and �-adrenergic blocking agents,86 both of which
would suppress the rise in intracellular Ca2� during reper-
fusion and suppress delayed afterdepolarizations (DADs).

The incidence of experimentally induced reperfusion
arrhythmias is dependent on the duration of preceding
ischemia. In the canine model, at least 3 minutes and less
than 30–60 minutes of coronary occlusion are associated
with reperfusion-induced ventricular fibrillation.87 The
rate of restoration of coronary flow also influences the
arrhythmogenicity of reperfusion. Upon reperfusion of
ischemic myocardium, differential recovery of refractori-
ness, tissue resistance, and conduction establish exagger-
ated heterogeneity of electrophysiological properties of
the myocardium and create a highly arrhythmogenic sub-
state that is particularly pronounced in the border zone,
where action potentials are normal.74 Longer periods of
ischemia, similar to that occurring in patients with acute
myocardial infarction who receive thrombolytic therapy,
are associated with irreversible cell damage and are gener-
ally not associated with the malignant ventricular rhythms
seen after shorter periods of ischemia (Figs. 6.2, 6.3).

The cellular and molecular mechanisms of arrhythmias
associated with myocardial ischemia are incompletely
understood. Accumulation of extracellular K� occurs in
early ischemia and is related to a net K� efflux from
myocytes resulting in potentially arrhythmogenic changes
in excitability.88,89 Several mechanisms have been proposed
to explain the accumulation of extracellular K�, including
inhibition of Na�–K� ATPase, increased K� efflux coupled to
the efflux of anions generated during ischemia, or modula-
tion of sarcolemmal K� channels. Among the K� channels
most likely to participate in K� efflux from ischemic
myocytes is the ATP-sensitive K� channel, IK(ATP). This
current is a time-independent, K�-selective current that is
blocked by ATP and sulfonylureas (e.g., glibenclamide). The
conductance and activity of the channel are regulated in a
complex fashion by a variety of factors, including internal
Mg2�,90,91 ADP,92 GDP,93 stimulation of adenosine A1 recep-
tors,94 and lactate.95 Modulation of the sensitivity of IK(ATP) to
ATP by other byproducts of ischemia has been proposed to
account for the apparent increase in channel activity
despite very modest reductions in intracellular ATP in early
ischemia. Excised patches of membrane from cardiac
cells containing IK(ATP) are inhibited with high affinity by
sulfonylurea drugs. In intact myocardium, ischemia-
induced shortening of the action potential and extracellu-
lar K� accumulation are only incompletely blocked by
higher doses of sulfonylureas. Similarly, if IK(ATP) is activated
in isolated heart cells by metabolic inhibition, these agents
are not as effective channel blockers as in excised mem-
brane patches.93,96,97 Modulation of the affinity of these
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Table 6.2. Ventricular arrhythmias associated with
experimental ischemia

Phase Ia Phase Ib

Onset 2–10 minutes 15–20 minutes

Abnormal electrograms ���� �

Prevention by sympathetic No Yes

nervous system block

Mechanism Re-entry ? Automaticity,

triggered



blockers by other substances produced during myocar-
dial ischemia has been suggested as the cause of this
discrepancy.93,97 Although IK(ATP) is likely to mediate extra-
cellular K� accumulation during ischemia, activation of
other K� conductances such as Na�-activated98 or arachi-
donic acid-activated K� channels99 cannot be excluded.
Current experimental evidence supports the hypothesis
that anion countertransporters and IK(ATP) play a major role
in ischemia-induced K� accumulation, and modulation
of these currents may have therapeutic importance in
prevention of ischemia-associated arrhythmias and preser-
vation of ischemic myocardium.

Other electrophysiologic and metabolic consequences
of ischemia may conspire to produce arrhythmias.
Ischemic cells are depolarized at rest and have a different
action potential contour from normally polarized cells.
These voltage differences support an injury current that
has been implicated as an arrhythmogenic substrate in
ischemic tissue.100 Computer modeling of the ischemic
border zone has suggested that injury current flowing
through an inexcitable gap may be responsible for
increased spontaneous diastolic depolarization of latent
pacemakers, producing automatic arrhythmias or gener-
ating a trigger for a re-entrant tachycardia.101 Instability

108 W. Xiong and G.F. Tomaselli
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substantial slowing of conduction with ischemia and during early reperfusion. Optical APs during ischemia and reperfusion reveals AP

shortening with ischemia and relengthening with reperfusion that is spatially and temporally heterogeneous and is associated with

afterdepolarization-mediated triggered activity. (See Plate 6.3.)



and collapse of the mitochondrial membrane poten-
tial mediated by inner mitochondrial anion channels
(IMAC), leads to release of reactive oxygen species and
arrhythmogenic oscillations of the cell membrane poten-
tial. Inhibition of the collapse of the mitochondrial mem-
brane potential with blockers of the mitochondrial
benzodiazepine receptors (e.g., 4-chlorodiazepam) that
regulate IMAC reduce the incidence of VF in experimental
ischemia and reperfusion.102

Analysis of spiral wave breakup during ventricular fibril-
lation in a regionally ischemic heart has shown that
ischemia causes an increase of wavebreaks in the ischemic
border zone and a decrease of wavebreaks in the ischemic
zone.103 Ischemia-induced alterations in APD dynamics
may also predispose to the development of ventricular fib-
rillation; flattened APD restitution slope and reduced con-
duction velocity in ischemic myocardium sets the stage for
type II ventricular fibrillation.104 In contrast, steepened
APD restitution and only modestly changed excitability in
the non-ischemic zone facilitates the development of type
I ventricular fibrillation.104 Whether the non-ischemic zone
plays a role in ventricular fibrillation, however, remains
uncertain.103,105 Furthermore, the ischemic border zone
could be important in initiating ventricular fibrillation, but
it may not necessarily be critical in the maintenance of ven-
tricular fibrillation.106

The Purkinje network may participate in the initiation of
arrhythmias in ischemic myocardium. The differential
effect of coronary occlusion on more superficial and deeper
endocardial Purkinje fibers may set up the conditions for
microre-entry or reflection.107 Additionally, afterdepolar-
izations have been observed in Purkinje fibers exposed to
potentially toxic byproducts of ischemia such as lysophos-
phoglycerides.108 It is conceivable that injury currents or
currents induced by myocardial stretch could induce after-
depolarizations and triggered arrhythmias that originate in
the Purkinje fibers. These fibers may also be subject to
enhanced automaticity, which is a proposed mechanism of
delayed arrhythmias in ischemic myocardium.109,110

The Purkinje network may also be important in main-
taining malignant ventricular arrhythmias associated with
ischemia. Intracavitary application of phenol in a canine
model of ischemia prevented the production of ventricular
fibrillation, but did not eliminate premature ventricular
contractions or slower re-entrant ventricular arrhythmias
in the ischemic zone. These data suggest that ectopic activ-
ity need not originate in the subendocardial Purkinje
system, and that the absence of VF in this model may
be related to the failure of re-entrant waves in the ischemic
territory to be transmitted throughout the ventricles via
the Purkinje network.111

Sympathetic nervous system activation plays an import-
ant role in the genesis of arrhythmias during myocardial
ischemia. Much of the evidence for this assertion is indirect
but compelling and includes increased catecholamine
levels during ischemia at times when ventricular arrhyth-
mias are most likely,112 reduction in the frequency and
severity of arrhythmias in the presence of denervation
or beta-blockade,50,51 and the arrhythmogenic effects of
enhanced sympathetic activity during ischemia113 The
mechanism by which activation of the sympathetic nervous
system exerts its effects has not been defined, although
many possibilities exist. Catecholamines can restore the
resting membrane potential in depolarized ischemic
myocardium through K� channel-mediated effects114,115

and enhanced activity of the Na�–K� ATPase.116 The change
in resting membrane potential in the presence of cate-
cholamines will affect other electrophysiological properties
such as action potential upstroke and duration. Other
potential arrhythmogenic mechanisms are catecholamine-
induced increases in the rate of rise of phase 4 diastolic
depolarization and similarly induced increases in the
amplitude of DADs, important prerequisites for the produc-
tion of automatic and triggered arrhythmias, respectively.

Chronic arrhythmias that persist for years after myocar-
dial infarction may cause ventricular tachycardia, fibrilla-
tion, and sudden cardiac death. Ventricular mapping and
the induction and termination of ventricular tachycardia
by programmed stimulation suggests that these arrhyth-
mias are re-entrant. The substrate and mechanisms of ven-
tricular tachycardia and ventricular fibrillation in chronic
coronary artery disease are fundamentally different from
those in acute ischemia, where depressed membrane
potentials are a prominent cause of conduction slowing
and block. In chronic arrhythmias the substrate consists of
viable myocardial cells intermixed with fibrosis, with tissue
anisotropy being a major cause of conduction slowing.74

The pathogenesis of ventricular fibrillation in chronically
ischemic myocardium has been limited by the absence of
an animal model with sufficiently high rates of ventricular
fibrillation. Recently, Canty and coworkers have demon-
strated the importance of hibernating but not infarcted
myocardium in the development of VF and SCD in a swine
model of coronary artery occlusion. SCD in these animals
occurred independently of the severity of LAD stenosis, the
presence of myocardial necrosis, or scar.117 Studies of tissue
and cellular electrophysiology demonstrate features that
may contribute to SCD, including myocyte hypertrophy,118

defective SR calcium uptake,119 interstitial fibrosis, and
heterogeneous SNS innervation. Importantly, the diurnal
variation of SCD is similar to that observed in humans and
seems to be modulated by sympathetic tone. This link may
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result from inhomogeneity in myocardial repolarization
during sympathetic activation, because regional reduc-
tions in presynaptic norepinephrine uptake are found
in hibernating myocardium.120 These changes may be
germane to human studies, which have demonstrated that
revascularization has a positive effect on mortality in
patients with chronic ischemia.

Studies in humans have provided insight into the patho-
genesis of conduction slowing in hibernating myocardium.
In biopsy samples taken from chronically ischemic,
functionally downregulated ventricular myocardium, as
assessed by thallium scanning and MR imaging, biopsy
samples from hibernating, reversibly ischemic, and normal
myocardium exhibited significant differences in the

density of Cx43, a major intercellular ion channel in the
ventricle and an important mediator of cell-to-cell conduc-
tion. In addition to decrease in density, the morphology of
GJ plaques on immunohistochemical staining changes
with a reduction in the plaque size.121

Ventricular fibrillation in cardiomyopathy

The mechanism of sudden death and ventricular arrhyth-
mias is less certain in non-ischemic cardiomyopathy, but
recent evidence suggests abnormal repolarization of the
ventricle may be important. Myocardial cells possess a
characteristically long action potential (Fig. 6.4): after an
initial rapid upstroke, there is a plateau of maintained
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Fig. 6.4. Action potential and underlying currents with changes in heart failure. Representative action potentials from the epicardial

surface of a normal (thick line) and failing (dotted line) ventricle. The surface QRST complex is shown overlying the action potentials.

The left hand column shows the currents that underlie the ventricular action potential. The right hand columns are the message and

gene names for the major subunits that encode the currents. Schematics of the trajectories of the currents during the action potential are

shown in the center of the slide, the thick lines represent the normal currents and the dotted lines the currents in failing hearts.
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depolarization before repolarization. In cells from failing
hearts, animal and human studies consistently reveal a sig-
nificant prolongation of action potentials compared to
those in normal hearts, independent of the mechanism of
heart failure.122–125 The plateau of the action potential is
known to be quite labile; this is a time of high membrane
resistance, during which small changes in current can
easily tip the balance either towards repolarization or
towards maintained depolarization. As a rule, the longer
the action potential, the more labile is the repolarization
process. Maintained or secondary depolarizations that
occur before termination of the action potential called
early after depolarizations (EADs) can initiate arrhythmias
including torsades des pointes ventricular tachycardia and
ventricular fibrillation (Fig. 6.5). A variety of conditions
common in patients with heart failure can affect either
outward (repolarizing) or inward (depolarizing) currents
resulting in EADs. Such factors include hypokalemia,
hypocalcemia, hypomagnesemia, acidosis, or antiarrhyth-
mic drugs. Increasing inward current will also favor the
production of EAD-mediated triggered activity, as might
occur with �-adrenergic stimulation or after endogenous
release of lipid metabolites that interfere with Na� channel
inactivation.126 Stretch-responsive channels have been
described in ventricular myocardium127,128 and proposed
to contribute to EADs and enhanced susceptibility to
arrhythmia in heart failure.129

The ability to isolate viable human ventricular myocytes
has enabled the dissection of the changes in membrane
current that occur in myocardial failure. The inward Na�

and Ca2� currents do not appear to be altered, at least under
basal conditions. Sakaibara et al.130 found no disease-
related changes in gating or permeation of Na� currents in
human ventricular cells. Measurement of both dihydropyri-
dine binding sites131 and inward Ca2� current in ventricular
myocytes from failing hearts also reveal no differences com-
pared to non-failing control cells.124,132 Nevertheless, there
are reports of changes in Ca2� channel gating in failing ven-
tricular myocytes,133 perhaps mediated by changes in auxil-
lary subunit expression.134 Human ventricular myocytes
contain at least two distinct classes of voltage-dependent K�

channels. The inward rectifier K� current, IK1, sets the resting
membrane potential and contributes to the terminal phase
of repolarization. The density of IK1 is reduced by nearly 40%
in cells from myopathic ventricles compared with con-
trols.125 Another important K� current is the transient
outward current, Ito. Unlike the inward rectifier, Ito is
expressed in heart cells in a species- and cell type-specific
fashion. This current plays a crucial role in the early phases
of repolarization and in setting the potential of the plateau
of the action potential, which in turn influences all currents

that are active during the remainder of the action potential.
Ventricular myocytes from the mid-portion of the ven-
tricular wall have a substantial Ito that is blocked by 4-
aminopyridine (4-AP). This 4-AP-sensitive current is also
significantly reduced (35%– 40%) in cells from failing ventri-
cles.125 Similar changes in Ito have been noted in diseased
human atria,135 chronically infarcted canine ventricle,136

and hypertrophied rat ventricle,137 all of which are arrhyth-
mogenic substrates. Prolongation of the action potential
alone would not necessarily suffice to produce ventricular
arrhythmias, particularly if the prolongation were homoge-
neous. Variations in APD in the failing heart, however, create
increases in the dispersion of repolarization and refractori-
ness that are arrhythmogenic.138,139 Regional differences
in the density of K� currents, particularly Ito, have been
described in several experimental animal models.140 Spatial
inhomogeneity of repolarization in heart failure may be
explained by exaggerated regional variability in K� currents;
however, the role that functional downregulation of K� cur-
rents plays in potentiating the spatial dispersion of repolar-
ization in heart failure is controversial. For example, in
rapid-pacing canine heart failure, induced by rapid pacing,
transmural K� currents such as IK1, Ito1, and the slow
component of the delayed rectifier K� current (IKs) were
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Fig. 6.5. Interruptions of repolarization called afterdepolariza-

tions may mediate the initiation of polymorphic ventricular

tachycardia and ventricular fibrillation. Early afterdepolarizations

(EADs) occur before the completion of repolarization and result

from reactivation of L-type calcium current during phase 3 of the

action potential. Delayed afterdepolarizations (DADs) occur after

completion of repolarization and result from oscillatory release of

calcium from the sarcoplasmic reticulum with activation of

depolarizing currents. If either EADs or DADs are of sufficient

amplitude a subsequent action potential may ensue (“triggered”

action potential).
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homogeneously decreased across the left ventricular wall.141

Other ionic currents contribute to repolarization in the
heart; alterations in Ca2� handling have electrogenic conse-
quences that may contribute to temporally and spatially
labile repolarization. In the same heart failure model, trans-
mural NCX currents were most prominently increased in
endocardial myocytes but were not changed in the epicar-
dial cells,142 disrupting the transmural heterogeneity of NCX
and potentially leading to enhanced vulnerability to cardiac
arrhythmias. Another plausible contributor involves the
influence of the autonomic nervous system, which has a
prominent role in heart failure. Additionally, heterogene-
ity of sympathetic nervous system innervation is well-
described in cardiomyopathy patients143 and has been
correlated with heterogeneity of recovery of excitability.144

Abnormalities of APD and afterdepolarizations may
produce arrhythmias by triggered mechanisms or may
predispose the myocardium to re-entry by inhomoge-
neous changes in APD and dispersion of refractoriness.145

Spontaneous ventricular tachycardia in a rabbit model
of non-ischemic heart failure was attributed to repetitive
non-re-entrant activation at subendocardial sites.146

Furthermore, in patients with end-stage idiopathic
cardiomyopathy, spontaneous and induced ventricular
arrhythmias occur primarily in the subendocardium by a
focal non-re-entrant mechanism, which may result from
EADs or DADs.147

Significant changes in the network properties of the
heart characterize heart failure. In particular, conduction
velocity slowing is a prominent feature of the failing ven-
tricle and restitution of conduction is altered (Fig. 6.6). In
some models of HF, reductions in Na current density con-
tribute to conduction slowing.148 Fibrosis is characteristic
of human and a number of animal models of heart failure
contributing to conduction slowing and block.149,150

Intercellular ion channels are also remodeled in the failing
heart. This remodeling includes a downregulation of Cx43
and aberrations in the subcellular location of the channel,
with increased expression on the lateral cell borders (Fig.
6.6). Morphological changes in gap junctions have been
described. All of these changes are associated with pro-
found regional changes in conduction in the failing com-
pared with the normal heart. (Fig. 6.7)151

Experimental evidence supporting re-entry for initia-
tion of arrhythmias in non-ischemic cardiomyopathy
is scarce, even in settings where inhomogeneities of
APD or refractoriness have been defined.152,153 The failure
of programmed stimulation of the ventricle in either
animal models or humans also argues against an
excitable-gap re-entry mechanism for ventricular
arrhythmia production in non-ischemic cardiomyopa-
thy. This does not preclude the possibility that VF due to
multiple wavelet re-entry is induced by other mecha-
nisms in cardiomyopathy.

112 W. Xiong and G.F. Tomaselli

Fig. 6.6. Decreased expression and redistribution of Cx43 protein in the failing heart. (a) Western blot shows a reduction in Cx43 

protein in the failing heart (HF) in both the endocardial and epicardial regions of the left ventricle compared with normal heart (NL).

(b) Immunohistochemical staining demonstrates redistribution of Cx43 from the cell ends to the lateral margins of the cell. Cx43

co-localizes with the intercalated disc protein N-cadherin in the normal but not the failing ventricle. Modified from Akar et al.151

reproduced with permission. (See Plate 6.6.)
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Ventricular fibrillation is less well studied in hyper-
trophic cardiomyopathy (HCM) but clinical data support a
strong association between left ventricular hypertrophy
and ventricular arrhythmias and sudden death. As has
just been outlined for dilated cardiomyopathy, abnormali-
ties in refractoriness and repolarization are important
in arrhythmogenesis in this form of heart disease.
Experimental animal models of hypertrophic heart disease
have demonstrated an increase in duration of action
potentials and, more important, an increase in spatial
dispersion of repolarization, without significant changes
in impulse conduction.153 In the dog model with chronic
complete atrioventricular block (AVB), there is biventri-
cular hypertrophy.154 Although systolic function is main-
tained during 9 weeks of AVB, the APD of the left,
but not the right, ventricle is significantly prolonged in
chronic AVB compared to that of the control, thereby
leading to increased interventricular dispersion of repo-
larization that is particularly prominent at slow pacing
rates. This model is more susceptible to torsades de
pointes (TdP), which are associated with increased
dispersion of repolarization, afterdepolarizations, and

triggered arrhythmias.154,155 In the heart with biventricular
hypertrophy, the slow component of delayed rectifier K�

current, IKs, is downregulated156 and NCX is upregulated.157

The changes in dispersion of repolarization have been
associated with lower ventricular fibrillation thresholds,
and both the dispersion of repolarization and reduction in
ventricular fibrillation threshold were reversed with K�

channel antagonists.153 Patients with primary hyper-
trophic cardiomyopathy have also been reported to have
dispersion and inhomogeneity of conduction, which has
been attributed to the histologic disarray of myofibrils in
this disease.158 Inhomogeneities of both repolarization and
conduction would be expected to increase the risk of
potential lethal arrhythmias in patients with HCM.

Ventricular fibrillation in normal hearts

Re-entry may be initiated by electrical stimulation of
normal myocardium, producing fibrillation. In many
pathophysiological circumstances, heterogeneous recov-
ery of excitability occurs and may enhance ventricular
vulnerability, particularly in the earlier phases of recovery.

Electrophysiology of ventricular fibrillation 113

Fig. 6.7. Slowed conduction in the failing heart. Optical maps from wedges of left ventricular myocardium stained with a voltage-

sensitive dye. Isochronal maps reveal crowding of isochronal lines in the failing tissue preparation. Below the maps are the upstrokes

of the action potentials from several regions in the imaging window; the separation of the upstrokes confirms the conduction slowing

in the failing heart. (See Plate 6.7.)
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It has been demonstrated recently, however, that inhomo-
geneous dispersion of refractoriness or recovery is not a
necessary precondition for electrical induction of VF in
normal myocardium.159,160 In a normal canine heart an
appropriately timed suprathreshold stimulus can generate
re-entry around a critical point where the field of the
stimulus intersects myocardium in the terminal phases of
recovery.160 High density mapping in the region of the
stimulus confirmed the presence of a re-entry circuit in
the shape of a figure-of-eight prior to the development of
VF. These data suggest that regions of the myocardium that
are adjacent to the area directly depolarized by the
supratheshold stimulus are not activated, but undergo a
graded prolongation of their refractory period.161 This
establishes functional unidirectional conduction block in
normal tissue with homogeneous dispersion of refractori-
ness, a mechanism that may be operative in ventricular
fibrillation that is the result of electrical injury.159

Inhomogeneities in recovery may exist in normal
myocardium, particularly at the junction of ventricular
muscle and the specialized conducting system, tissues that
have well documented differences in APD that are exag-
gerated by premature stimulation.162 Mapping during
suprathreshold extrastimulation failed to reveal any par-
ticipation of the Purkinje fiber network in this model of ini-
tiation of ventricular fibrillation, although participation of
the specialized conducting system in the maintenance of
ventricular fibrillation or its initiation in other models cer-
tainly cannot be excluded.159

These studies have important implications for the mech-
anism of initiation of fibrillation, but similarly they also
suggest explanations for the concept of the upper limit of
vulnerability,163 and postshock reinitiation of fibrillation as
a cause of failed defibrillation.164 A shock strength above the
upper limit of vulnerability will not induce ventricular fib-
rillation regardless of when it is delivered in the cardiac
cycle. The upper limit of vulnerability tends to move in par-
allel with the defibrillation threshold. Although many elec-
trophysiological mechanisms exist to explain the initiation
and maintenance of ventricular fibrillation, the exact
mechanism(s) in a given clinical situation are generally
unknown. It is most likely that several of the potential
offending conditions conspire to produce fibrillation in
humans. Using high-resolution optical mapping and com-
puter simulations, Jalife and colleagues17,18,165,166 have sug-
gested that, in the structurally normal heart, monomorphic
ventricular tachycardia results from stationary rotors, but
polymorphic ventricular tachycardia and ventricular fibril-
lation are caused by a single or paired (“figure-of-eight”)
non-stationary rotors.

Primary electrical diseases of the heart

Fortunately, sustained ventricular tachycardia and ventric-
ular fibrillation rarely occur in structurally normal human
hearts; however, primary electrical diseases of the heart
such as long167 and short QT syndromes,168 catecholaminer-
gic polymorphic VT(CPVT),169 and Brugada syndrome170,171

are associated with life-threatening ventricular arrhyth-
mias. (See Chapter 52 for additional discussion of primary
electrical diseases of the heart.)

The long QT syndrome is characterized by the prolonged
QT interval on the surface ECG, frequent episodes of
syncope, and a high incidence of sudden death resulting
from ventricular tachycardias especially TDP. There are
two clinical forms of congenital long QT syndrome: the
Romano–Ward syndrome172,173 is transmitted as an auto-
somal dominant trait, and the Jervell and Lange–Nielsen
syndrome174 as an autosomal recessive trait, associated
with sensoneurinal deafness. Romano-Ward syndrome is
associated with gene mutations of different channels:
LQT1(KCNQ1 encoding KvLQT1), LQT2 (KCNH2 encoding
HERG), LQT3 (SCN5A), LQT5 (KCNE1), and LQT6 (KCNE2)
generates mutants IKs, IKr, INa, mink (combined with KvLQT1
generates IKs), and MiRP1 (combined with HERG generates
IKr), respectively.167,175–180 The Jervell and Lange-Nielsen syn-
drome is very rare and almost exclusively linked to IKs. The
delayed activation or incomplete inactivation of the Na�

channel or reduction in function of K� channels is responsi-
ble for the prolonged QT interval. Acquired forms of LQTS
are far more common than congenital forms. Acquired
LQTS may occur in subjects with subclinical inherited
mutations in cardiac ion channels often made clinically
manifest by extrinsic factors such as exposure to drugs,
structural heart disesase, or electrolyte abnormalities.
Certain drugs, such as Class IA and III antiarrhythmics,
antihistamines, antimicrobials, and antifungals can alter
cardiac ion channel function and/or interfere with the
metabolism of other drugs that impair repolarization,
resulting in prolongation of the QT intervals and increased
risk of sudden death. The short QT syndrome (SQTS) is a
more recently described clinical entity characterized by the
presence of a short QT interval (QTc � 320 ms) associated
with cardiac tachyarrhythmias, syncope, and sudden death.
It has been linked to mutations in IKr, IKs, and IK1 (encoded by
KCNJ2).168,181–183 It has been speculated that the arrhythmo-
genic mechanism is related to heterogeneous abbreviation
of the APD and significant transmural dispersion of repolar-
ization setting the stage for ventricular fibrillation.

Catecholaminergic polymorphic ventricular tachycar-
dia (CPVT) is an early-onset, inherited and malignant
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arrhythmogenic disorder characterized by exercise- or
stress-induced ventricular arrhythmias in the absence of
structural alterations of the heart. This disorder has been
linked to mutations of the RyR2 (cardiac ryanodine recep-
tor gene)184,185 and CASQ2 (calsequestrin gene)186,187 with
autosomal dominant and recessive transmission, respect-
ively. The precise molecular pathogenesis of CPVT is not
entirely clear, but it is associated with a leaky RyR2 channel
due to a defect in binding to its associated protein
FKBP12.6 (calstabin 2) or impaired sarcoplasmic reticulum
Ca2� storage.

Brugada syndrome is an autosomal dominant form of
idiopathic ventricular fibrillation characterized by ST-
segment elevation in right precordial leads V1 to V3 and
often with apparent right bundle-branch block.170,171 The
distribution of Brugada syndrome is worldwide, but it is
particularly prominent in southeast Asia where it accounts
for a significant minority of sudden deaths in the young.
Causative mutations have been discovered in the alpha
subunit of the cardiac sodium channel gene SCN5A.188

Since the original description, numerous other SCN5A
mutations have been described. There are other cohorts
that are not linked to SCN5A, consistent with genetic het-
erogeneity of the syndrome.189 The disease-causing muta-
tions generally result in a loss of function or reduced
sodium current due to accelerated inactivation of the
sodium channel.

Therapy of ventricular fibrillation

Therapeutic interventions in the management of ventricu-
lar fibrillation can be divided into those designed to prevent
the arrhythmia or those designed to treat established fibril-
lation. Strategies to prevent ventricular fibrillation include
preventing triggers for induction of fibrillation and reduc-
ing the tendency of the myocardium to fibrillate, thus
raising the ventricular fibrillation threshold. Treatment of
established ventricular fibrillation is prompt defibrillation,
most often requiring the delivery of a transthoracic or
transmyocardial shock of sufficient strength to terminate
the fibrillation.

In communities with the best emergency medical ser-
vices, survival rates for patients with out-of-hospital ven-
tricular fibrillation is only 25%–33%,3 emphasizing the
importance of identifying patients at risk and implement-
ing strategies to prevent this problem. The only definitive
treatment of ventricular fibrillation is expeditious defibril-
lation. Failing this, efforts should be made to protect the
fibrillating myocardium by limiting the adverse metabolic
consequences of ongoing fibrillation.

Prevention of ventricular fibrillation

One of the most common circumstances in which ventricu-
lar fibrillation is encountered and effectively treated is
acute myocardial infarction. Since the inception of the
coronary care unit, a major emphasis of the management
of the acute myocardial infarction patient has been pre-
vention or prompt treatment of lethal ventricular arrhyth-
mias. The early observation of frequent ventricular
arrhythmias complicating acute myocardial infarction190

and the effectiveness of intravenous lidocaine in preven-
tion of these arrhythmias led to the widespread use of pro-
phylactic lidocaine in this and many other clinical settings.
More recent data call into question this approach. Meta-
analyses of the use of prophylactic lidocaine in acute MI do
support a reduction in the incidence of ventricular tach-
yarrhythmias, but patients treated with lidocaine experi-
enced a slightly increased overall mortality.191,192 Another
meta-analysis of the incidence of primary ventricular fib-
rillation complicating acute MI revealed a steep decline in
the incidence of fibrillation over the past three decades;
indeed, the incidence of primary ventricular fibrillation in
1990 was so low that it was estimated that 400 patients
would have to be treated with lidocaine to prevent a single
episode.193 The reason for the decline in ventricular fibrilla-
tion is not clear and may be related to several factors,
including the more widespread use of beta-blocking drugs,
aggressive correction of electrolyte abnormalities, the use
of thrombolytic agents, early percutaneous coronary inter-
ventions for revascularization, more liberal use of anal-
gesics, and less restrictive criteria for entry into a coronary
care unit. Regardless of the etiology of the reduced inci-
dence of ventricular fibrillation, these data make the
routine use of lidocaine in acute myocardial infarction an
unsupportable strategy.191–193 The only agents thus far
shown both to reduce the incidence of ventricular fibrilla-
tion and mortality in acute myocardial infarction are the
beta-adrenergic blocking drugs.50,194

The problem of prevention of ventricular fibrillation
and sudden death in the absence of an acute myocardial
infarction has proven to be intractable. Among the many
reasons for our inability to prevent sudden death in
patients with heart disease, are an incomplete under-
standing of the mechanism of sudden death, inability to
risk-stratify patients accurately, and the limited efficacy
of pharmacotherapy for prevention of ventricular tachy-
arrhythmias. A review of the all the clinical and diagnostic
tools available to risk-stratify patients is beyond the scope
of this chapter. The evaluation of patients with cardiovas-
cular disease who are at risk must be individualized, and
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implicit in this statement is a thorough understanding of
the nature and extent of heart disease in a given patient. In
patients with coronary artery disease the most consistent
indicator of risk of mortality is left ventricular dysfunc-
tion.195,196 The role of other diagnostic procedures remains
controversial in patients who have not experienced an
arrhythmic event but are considered to be at risk. The
signal averaged electrocardiogram (SAECG) is a method of
identifying low amplitude signals at the body surface by
averaging many time-aligned ECG complexes. The SAECG
can identify regions of slowed conduction that are mani-
fest as “late potentials” or a prolonged signal-averaged
QRS duration. These abnormalities of conduction are
indicative of the presence of the substrate for ventricular
tachyarrhythmias, but have a low positive predictive
value.197–199 The role of electrophysiological testing is also
unclear; inducible ventricular tachycardia in patients with
non-sustained ventricular tachycardia and reduced left
ventricular function identifies a group of patients at high
risk for sudden death, but even in this group the positive
predictive value of electrophysiologic testing is low
(20%–30%).200,201 Risk stratification is more problematic in
the absence of coronary artery disease, although recent
reports of the utility of the SAECG have identified patients
at risk in one series, although the predictive value of a pos-
itive test is low.202 Even if risk stratification were optimized,
there are very few clincal situations where ventricular fib-
rillation can be effectively prevented. In the case of ven-
tricular fibrillation associated with coronary artery
disease, attempts at prevention of sudden death by using
antiarrhythmic drugs have been a dismal failure thus far.
The hypothesis tested by the Cardiac Arrhythmia
Suppression Trial,59,60 that is, prevention of premature
ventricular contractions will prevent ventricular tachycar-
dia and fibrillation and thus reduce sudden death in
patients with a prior myocardial infarction, was not only
unproven, but patients treated with the agents used in this
trial had an increased mortality. Either the hypothesis is
faulty or the agents used in this study were not well chosen
in that they reduced the frequency of less malignant ven-
tricular arrhythmias but increased the $$ prevalence of
more serious or compromising arrhythmias. The only
drugs at present that have been shown to reduce the mor-
tality after myocardial infarction are beta-blockers.50,51

The mechanism by which these drugs reduce mortality is
unknown, but at the concentrations used in the postmy-
ocardial infarction trials they do not have substantial local
anesthetic antiarrhythmic effects. The actions of beta-
blockers that are relevant to prevention of sudden death
and ventricular fibrillation include prevention of

ischemia, antagonism of serum catecholamine effects on
the heart, prevention of catecholamine-induced platelet
aggregation, hemodynamic improvement, and restora-
tion of inhibitory GTP-binding protein levels in heart
failure patients.52 Studies examining the effect of antiar-
rhythmics such as amiodarone on mortality in the postin-
farction period have revealed mixed results; a
meta-analysis of the major trials of amiodarone suggests
an overall reduction in mortality by the drug in post-MI
and HF patients,203 which contrasts with most other
antiarrhythmic drugs that have at best a neutral effect on
overall mortality in this setting.

Other clinical circumstances where effective preventive
strategies exist in the management of ventricular fibrilla-
tion include the use of calcium channel antagonists in
coronary vasospasm,204 left stellate ganglion resection or
beta-blockers and pacing in the long QT syndrome,43,44 and
catheter or surgical ablation of rapidly conducting mani-
fest accessory pathways in the Wolff-Parkinson-White
syndrome.42 In the absence of effective prevention of ven-
tricular fibrillation, implantable defibrillators are the best
therapeutic option in the high-risk patient.

Patients resuscitated from ventricular fibrillation in the
absence of an acute transmural myocardial infarction205

are at high risk for recurrence of this arrhythmia and
sudden death.206–208 The evaluation of these patients
should be directed at determining the etiology of sudden
death and the nature and extent of any underlying heart
disease. In the majority of cases a standard cardiac evalu-
ation is supplemented by cardiac catheterization with
coronary angiography and left ventriculography and
electrophysiologic study. Therapy is individualized based
on the evaluation; for example, patients with ischemia,
no inducible ventricular arrhythmias, and retained
left ventricular function may be treated with surgical
myocardial revascularization alone.209–211 Patients who
have an inducible tachycardia may require therapy
directed at the arrhythmic substrate such as surgical
ablation, antiarrhythmic drugs, or implantation of a
cardioverter-defibrillator.212

Recently the identification and ablation of triggers for
VF has proven to be an effective strategy in selected
patients.213–218 In patients with structurally normal hearts,
ventricular fibrillation and monomorphic ventricular pre-
mature beats with fixed coupling intervals, localization by
endocardial mapping, and ablation eliminated the prema-
ture beats and ventricular fibrillation.213 Similar reports in
patients with LQTS and Brugada syndrome215 and recur-
rent ventricular fibrillation postmyocardial infarction217

have appeared.
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Defibrillation

Definitive treatment of ventricular fibrillation requires
timely correction of the arrhythmia by delivery of an electri-
cal shock to the heart. Defibrillation has been utilized clini-
cally for decades, but its mechanism remains obscure.
Recent advances, in particular the refinement of voltage
mapping with optical dyes, has allowed the study of electri-
cal events immediately after a shock to the heart. Several
hypotheses on the mechanism of defibrillation have been
elaborated. The critical mass hypothesis states that defibril-
lation is achieved when a critical mass of myocardium is
depolarized by the shock, and activation waves are extin-
guished. In such circumstances, the critical mass is consid-
ered to be about 75% of the ventricular myocardium219 and
unsuccessful defibrillation results from a failure to depolar-
ize a sufficient amount of the fibrillating myocardium.
Alternatively, the observation of an isoelectric window or
period of electrical silence, and a different pattern of ven-
tricular activation in the postshock period has suggested
that failed defibrillation may be the result of reinitiation
of fibrillation by the defibrillating shock.164 This theory
of defibrillation states that in order to defibrillate the
myocardium reliably, the shock strength must exceed the
upper limit of vulnerability throughout the myocardium.
The upper limit of vulnerability is that shock strength above
which fibrillation cannot be induced regardless of when it is
delivered during the cardiac cycle. The correlation between
the defibrillation threshold and the upper limit of vulnera-
bility in animal models,220 and the similar pattern of ven-
tricular activation after failed defibrillation or when shocks
below the upper limit of vulnerability are delivered during
sinus rhythm, are in direct support of this hypothesis.164 In
either case, delivery of an insufficient amount of energy will
result in failure to terminate or reinitiation of ventricular
fibrillation. This is to be distinguished from the ventricular
fibrillation threshold, which is irrelevant in ongoing fibrilla-
tion, and is the energy necessary to induce the arrhythmia
in the non-fibrillating myocardium. Another hypothesis of
the mechanism of defibrillation that has recently gained
traction is the virtual electrode polarization hypothesis
(VEP).221,222 The VEP hypothesis states that monophasic
shocks to the myocardium result in depolarization and
repolarization of adjacent regions of the heart. If the voltage
gradient between these regions is optimal, activation wave-
fronts from the depolarized regions may activate the hyper-
polarized regions leading to re-entry and re-initiation of
ventricular fibrillation.221 Adjacent areas of differentially
polarized myocardium create phase singularities, a tissue
substrate for the initiation of functional re-entry.222 The

unifying requirements for successful defibrillation accord-
ing to any of these hypotheses are that the shock must be of
sufficient strength to extinguish fibrillation and must not
generate a new arrhythmia.

The energy required to defibrillate the heart reliably
depends on many factors, including the nature of the
shocking waveform, the configuration of the defibrillating
electrodes, the duration of ventricular fibrillation, and the
presence and extent of underlying heart disease. Many
other variables that have not been well-characterized may
also influence the energy requirement for defibrillation.
Motivated by the development of automatic internal defib-
rillators, the duration of fibrillation and the effect of sub-
threshold shocks on the ability to defibrillate the heart
have been closely examined. Data in humans are scarce,
particularly for patients who experience out-of-hospital
ventricular fibrillation. Studies that have attempted to
evaluate the effect of the duration of ventricular fibrillation
on resuscitation have generally shown that survival is
worse if fibrillation is of longer duration223 and if the elec-
trocardiographic appearance of fibrillation is “finer” on the
ECG.224 The success of transthoracic defibrillation in
patients experiencing in-hospital cardiac arrest was
improved with shorter delays to defibrillation and in the
absence of hypoxia and acidosis.225 More recently such
studies have been extended to defibrillation by internal
defibrillating systems.

Several notable advances in clinical defibrillation have
been made in recent decades. Biphasic waveforms have
been shown to be superior to monophasic waveforms in
reducing the energy requirement for defibrillation.226–230

Biphasic waveforms with lower energies provide the addi-
tional benefit of reducing postshock myocardial dys-
function and improving cerebral perfusion.231–233 Public
access defibrillation programs improve the outcomes of
patients with out-of-hospital cardiac arrest.234,235 The auto-
mated external defibrillator (AED), which can automatic-
ally analyze cardiac rhythms, has been an important
component of public access defibrillation initiatives.236,237

The development and clinical utilization of the internal
cardioverter defibrillator (ICD) has dramatically altered
the management of patients who survive episodes of
sudden death secondary to ventricular tachyarrhyth-
mias.238 The ICD provides a mechanism for correction of
potentially lethal ventricular arrhythmias, regardless of the
underlying cause. In view of the limitations in our ability
to prevent ventricular tachycardia and fibrillation and
sudden death recurrences in patients with structural heart
disease, the importance of this therapeutic modality is dif-
ficult to overstate. Since their development, ICDs have
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become more versatile with the ability to pace, cardiovert,
defibrillate, and resynchronize cardiac contraction. The
increase in versatility has made these devices more
complex and has increased the possibility that definitive
therapy for ventricular fibrillation could be delayed by
attempts at antitachycardia pacing and low energy car-
dioversion. In general, the longer the duration of ventricu-
lar fibrillation, the greater the energy required for
defibrillation, both in experimental animals239 and
humans.240–242 This effect of the delay to defibrillation
shock delivery is less important with shock energies near
the maximal output of implanted defibrillators (30–35 J)
and with times to shock delivery that are within 30 seconds
of the onset of ventricular fibrillation.240,242

A major confounding influence on the efficacy of defib-
rillation is the use of antiarrhythmic drugs. The effects of
these agents have been studied in both animal models and
humans with implanted defibrillators. There is not a con-
sistent correlation between the animal and human data
and conflicting results with use of the same preparation
and different experimental conditions complicate the
interpretation of these results. The assumption that any
antiarrhythmic agent can adversely affect the defibrilla-
tion threshold is prudent. Despite the variance in the data,
several consistent effects of certain antiarrhythmic agents
on defibrillation energy have been observed. Sodium-
channel-blocking drugs, particularly those with slower
unblocking kinetics (i.e., class IC effects) such as fle-
cainide and propafenone will raise both defibrillation and
pacing threshold energy requirements,243–245 and chroni-
cally administered amiodarone has similar effects.246–248

Studies in an anesthetized canine model suggest that
agents that block Na� channels without a substantial effect
on the action potential duration (e.g., lidocaine, mexile-
tine, tocainide) tend to increase the energy requirements
for defibrillation; conversely, agents that prolong the APD
tend to decrease this energy.249 There are no systematic
studies in humans to support this hypothesis, but anecdo-
tal reports of increases in defibrillation requirements
by Na� channel-blocking drugs do not contradict this
paradigm.247,248,250,251

In addition to successful defibrillation, successful resus-
citation is determined by the recovery of spontaneous cir-
culation. Until defibrillation is possible, artificial support of
the circulation is the essential goal of CPR. Several clinical
studies have shown that the likelihood of successful termin-
ation of ventricular fibrillation and survival is inversely
related to the duration of cardiac arrest.252–254 The impor-
tance of CPR in improving the aortic-right atrial pressure
gradient and therefore coronary perfusion has been demon-
strated in several animal models of cardiac arrest.255–257

The improvement of coronary blood flow in these
studies has been associated with improved efficacy of
resuscitation.255–257 The issue of what is “optimal” CPR, the
role of chest compressions prior to defibrillation during
prolonged arrests, and advanced life support is discussed
elsewhere in this volume.

The typical clinical situation of out-of-hospital cardiac
arrest does afford the possibility of prompt defibrillation;
in most cases patients have had no circulatory support
during prolonged ventricular fibrillation. Immediate
defibrillation in this circumstance terminates ventricular
fibrillation, but often asystole or electromechanical disso-
ciation follows the shock and is associated with a very high
mortality.258–260 More recent data suggest that after pro-
longed unsupported ventricular fibrillation, administra-
tion of epinephrine and CPR may improve the chances of
defibrillation to a life-sustaining rhythm.261

Conclusions and future directions

Ventricular fibrillation is the most common cause of
sudden cardiac death. If untreated, this arrhythmia is
rapidly and uniformly fatal. There are many factors that
predispose to VF in patients with structural heart disease,
but our ability to identify patients who will experience VF
is limited. In the absence of effective pharmacotherapy to
prevent VF the only reliable treatment strategy is prompt
defibrillation. In the patients at highest risk this is per-
formed automatically by the internal cardioverter defibril-
lator. It is likely that in the near term these devices will be
used more frequently in patients at high-risk, particularly
with the recent introduction of non-thoractomy defibril-
lating lead systems and the development of smaller, pec-
torally implanted pulse generators. Further refinements
including the development of “leadless” defibrillators may
further reduce the risk of implantation, but at the cost of
some limitations in the therapeutic flexibility of these
devices. The ICD is likely to be the mainstay of therapy of
ventricular fibrillation until our strategies for defining who
is at greatest risk of developing it are more complete.

Our understanding of the mechanism of the initiation
and perpetuation of ventricular fibrillation has been
advanced by elegant mapping studies and more recently,
investigation of the molecular participants in this arrhyth-
mia has complemented the mapping data. Despite this,
our understanding of ventricular fibrillation is quite rudi-
mentary and more complete elucidation of the basic
mechanisms of ventricular fibrillation has the potential
benefit of the development of preventive and treatment
strategies, as well as more effective protection of the heart
in fibrillation.
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The neuroendocrine system

Early during evolution, the neuroendocrinium developed
as its own organ system. With its numerous intercellu-
lar and inter-organ mediators, the hormones, it fulfills
important functions to synchronize and connect organs
and tissues. Likewise, during stress, the neuroendocrine
system, as a complex orchestra with not yet fully under-
stood interactive mechanisms, plays one of the most
important roles in the body’s adaptation to harmful events,
such as injury or disease.

Operational definitions 
(by Jacobo Wortsman, M.D.)

In general terms the endocrine system comprises
hormone-producing organs (glands) that regulate the func-
tion of other organs. On functional activation, endocrine
organs release their secretory products into the blood.
Thus, activation can be assumed to occur when there is evi-
dence of increased hormone concentrations in plasma.

Stress may be defined as any changes in the external or
internal environment that elicit a highly organized and
synchronized neuroendocrine response. Whereas changes
in the internal environment can be quantified according to
the degree of interference with homeostasis, changes in
the external environment (psychologic stress) cannot be
quantified in this manner. Thus, the description of stress
must include both the nature of the stressful stimulus and
the subsequent functional changes. Nevertheless, because
of the universal and severe organ involvement during

cardiac arrest, it can be safely assumed that this condition
per se represents a stress of maximal degree, without con-
sideration of hormone levels.

The term neuroendocrine response, as used in the
description of endocrine reactions to stress, emphasizes
the regulatory control placed by the hypothalamus over
the entire endocrine system. This control is exerted
through the production of specific peptides that are
translocated to the anterior lobe of the pituitary gland via
a venous portal system. The hypothalamus has direct
nerve connections with the posterior lobe of the pituitary
gland, which stores and releases hormonal products. The
peripheral endocrine glands (adrenal cortex, thyroid, and
gonads), however, receive pituitary trophic stimulation via
the general circulation. An important exception to this
organizational pattern is the direct regulatory control of
the adrenal medullae by the central nervous system.

Methodologic issues in studies of the
neuroendocrine response to cardiac arrest
(by Jacobo Wortsman, M.D.)

Studies on cardiac arrest in human subjects are fraught with
interpretive errors because of the rapidity and intensity of
physiologic changes, the use of strong therapeutic agents,
and the unpredictability of outcome. For example, uncer-
tainties about the exact time of the cardiac arrest and attend-
ant variability in the interval between arrest and initiation of
resuscitation procedures (downtime) make determination
of the actual sequence of response events difficult. In
general, when cardiac arrest occurs in an intensive care unit,
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downtime is usually extremely short (seconds), whereas it is
much longer (minutes) in out-of-hospital events. The inter-
fering effect of drug therapy must also be considered since
patients at risk for cardiac arrest are often receiving multiple
drugs. Furthermore, cell death due to cardiac arrest could
produce postmortem release of hormones unrelated to the
stress reaction. Thus, if possible, biochemical analyses
should be performed to identify hormonal products rigor-
ously since substances appearing during global ischemia
could differ from the normal circulating products. Of partic-
ular concern for studies in endocrine physiology is the
abnormally low and irregular blood flow inherent to cardiac
arrest and resuscitation maneuvers.1, 2 The resulting altered
hemodynamics could produce plasma compartmental-
ization; and, in such cases, samples of peripheral blood
obtained during cardiopulmonary resuscitation (CPR)
might not reflect the rates of hormone secretion and
removal that prevail in the intact circulation.

Animal models provide extremely important tools for
the study of cardiac arrest and resuscitation. Notably,
however, the experimental approach carries the limita-
tions imposed by the evolutionary gap when applied to the
stress response of humans. It is reasonable to assume that
the crucial role and involvement of higher centers in the
central nervous system (as initiators or targets of the stress
reaction) can only be determined in humans.

Neuroendocrine response in the immediate
cardiac arrest period

Pathophysiologically, the period of acute cardiac arrest
with cessation of systemic blood flow is inevitably associ-
ated with global ischemia. Depending on the type and
function of the cells, cellular and organ dysfunction
occurs, that is followed sooner or later by cell destruction,
organ failure, and death. Clinically, the period of cardiac
arrest represents a period of global ischemia including the
downtime and later the period of cardiopulmonary resus-
citation with mechanical, electrical, and pharmacological
interventions. The immediate cardiac arrest period ends
either when spontaneous circulation returns and reperfu-
sion starts, or when resuscitative efforts are withdrawn.

Pituitary gland

The anterior lobe of the pituitary gland produces and
releases peptides that control the function of the adrenal
cortex (adrenocorticotropin), the thyroid gland (thy-
rotropin), and the gonads (gonadotropins). In addition, the
anterior pituitary synthesizes other peptides such as growth

hormone (GH), prolactin, �-endorphin, and �-lipotropin
which act on different neuroendocrine targets. Secretion of
anterior pituitary hormones is regulated by specific hypo-
thalamic releasing factors that are transported through the
portal hypophyseal vascular system (Fig. 7.1).3

Anterior lobe

Pro-opiomelanocortin complex
The main product of the corticotrophic cells of the adeno-
hypophysis is the pro-opiomelanocortin (POMC) complex
which is a 266-amino acid molecule. During post-transla-
tional processing, prohormone convertase enzymes can
cleave the POMC complex into different hormones. This
generates adrenocorticotropin (ACTH) and �-lipoprotein
(�-LPH). ACTH can be further processed to generate 7- or
�-melanocyte stimulating hormone (7- or �-MSH), and
corticotropin-like intermediate lobe peptide (CLIP),
whereas �-LPH can be processed to generate �-LPH and
�-endorphin.4 Under physiologic conditions, POMC is
mainly processed to the N-terminal glycopeptide, ACTH,
and �-LPH; smaller amounts of the other peptides are also
present.5 Additional posttranslational modifications of the
POMC complex have been described,6, 7 but their biologic
activities remain to be determined.

From those hormones that can be processed in the
POMC complex, ACTH, 7- or �-MSH, and �-endorphin
have been evaluated in the acute setting of cardiac arrest.
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ACTH
ACTH is the principal regulator of cortisol production in
the zona fasciculata of the adrenal cortex, whereas it is of
secondary significance in aldosterone and adrenal andro-
gen production. The peripheral effects of ACTH are medi-
ated via cyclic adenosine 3, 5-phosphate (cAMP)-coupled
receptors on adrenal cell membranes. ACTH stimulates
cortisol synthesis and secretion by affecting several steps
in the steroidogenesis pathway. Although cortisol is not
stored in the adrenal cortex, but is synthesized within
minutes, the effects of ACTH on adrenal cortisol pro-
duction can be readily measured after secretion of the
hormone.

The synthesis of POMC and hence the secretion of ACTH
is under the control of the corticotropin-releasing hormone
(CRH) and to a lesser degree of arginine vasopressin. Both
hormones are synthesized in the parvocellular cells of the
paraventricular hypothalamic nucleus, and are under the
negative control of circulating glucocorticoids. Vasopressin
stimulates ACTH release only weakly by itself, but is strongly
synergstic with the effects of CRH.8 Other endocrinologic
and non-endocrinologic factors have been shown to modu-
late ACTH release. While the vasoactive intestinal peptide
(VIP),9 catecholamines,10 ghrelin,11,12 as well as pro-inflam-
matory cytokines13 stimulate ACTH release by indirect
modulation of CRH secretion, angiotensin II was reported
to stimulate ACTH release directly from pituitary cells.14

Opiates and opioid peptides,15 and probably also the atrial
natriuretic peptide (ANP),16, 17 decrease ACTH production.

During cardiac arrest and CPR in patients on the inten-
sive care unit, ACTH levels were significantly higher when
compared to those in other critically ill patients. This eleva-
tion was detectable within the first 10 minutes after cardiac
arrest, when the plasma concentrations reached a mean
value of 166 pg/ml (normal range �130 pg/ml), and
remained elevated throughout the first hour.18 In a study of
a large population of patients with out-of-hospital cardiac
arrest (n�205), it was found that the mean ACTH level
(160 pg/ml) was similar to that observed in intensive care

unit cardiac arrest.19 Further evaluation of patients with
out-of-hospital cardiac arrest showed that initial plasma
ACTH levels were lower in individuals in whom sponta-
neous circulation did not return (133�227 pg/ml; n�161)
than in those who had return of spontaneous circula-
tion (229�260 pg/ml, n�44, p�0.05).19 Similar results
were observed in two other studies, including 34 and
60 patients with out-of-hospital cardiac arrest (Table 7.1).
In both studies, ACTH concentrations were higher in
patients who had a return of spontaneous circulation
compared to concentrations in the patients who could not
be resuscitated.20, 21 In 10 patients who underwent testing
of “implanted cardioverter defibrillator” devices, a short
period of cardiac arrest under light sedation slightly
increased ACTH concentrations, but did not appear to
stimulate catecholamine secretion.22 In an animal experi-
ment, serum ACTH concentrations were observed to be sig-
nificantly higher in pigs resuscitated with vasopressin (0.4
IU/kg, n�7) when compared to pigs receiving epinephrine
(0.045 mg/kg, n�7) (ACTH, p�0.001; cortisol, p�0.005).23

�-Endorphins
Endorphins play an important role as possible neuroregu-
lators in pain transmission, analgesia, tolerance and
dependence, as well as in behavior and endocrine path-
ways, mainly those related to the hypothalamo-pituitary
axes.24 �-Endorpin is known to be released during pain
stimulation in the rat and during thermal injury or surgical
procedures in humans.4, 25, 26 �-Endorphin binds to opioid
receptors and is thought to be an endogenous mediator for
stress-induced analgesia.5 Moreover, recent data suggest
that endorphins act not only as neuroregulators, but
also have direct effects on calcium channels of the cerebral
vasculature.6

Only few studies so far have examined �-Endorphins
during cardiac arrest. During cardiopulmonary resuscita-
tion, �-Endorphins were found to be significantly elevated
when compared to intensive care unit patients without
cardiac arrest.18 Such an increase in �-Endorphin levels
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Table 7.1. Plasma hormone concentrations during cardiopulmonary resuscitation in resuscitated and non-resuscitated
patients20

Resuscitated Non-resuscitated 

Hormone patients (n�20) patients (n�14) p

Adrenocorticotropin (pg/ml) (25–50) 237 (29–572) 45 (1–794) 0.018

Cortisol (�g/dl) (5.0–25.0) 32.6 (5.9–74.7) 18.4 (9.6–70.1) 0.481

Arginine vasopressin (pg/ml) (1–3) 122 (20–469) 88 (5–156) 0.049

Renin (ng/l) (10–30) 46.5 (22–88) 11 (9–40) 0.017

Data are shown as median and range. The normal range of values is displayed after the name of the hormone in the left column.



was most pronounced in hypoxic cardiac arrest.27 �-
Endorphin concentrations remained high at least for 10 to
20 minutes after cardiac arrest.18 The sudden increment of
�-Endorphin in brain tissue and body fluids of dogs who
were conscious at the moment of cardiac arrest led to the
hypothesis that �-Endorphins could participate in the sen-
sations narrated by subjects in the so-called near-death
experience.28

Melanocyte stimulating hormones (MSH)
The general designation – 	-MSH refers to peptide frag-
ments that are derived from the aminoterminal region
of the POMC and have partial structural homology to
the melanotropins.29,30 Among the several amino acid
sequences that have been postulated for – 	-MSH pep-
tides, 73-MSH is the most extensively investigated.31

Although 	 3-MSH exerts only weak melanotropic activity,
it can enhance the adrenal-stimulating effect of ACTH.32, 33

�-MSH is a tridecapeptide melanocortin structurally
related to ACTH. It is found principally in the brain and the
pituitary, although keratinocytes and blood monocytes
can also release �-MSH. Moreover, �-MSH has potent anti-
inflammatory actions in both the brain and in peripheral
tissues.

Only one clinical study has investigated MSH levels in
patients during cardiac arrest. In this analysis, 	 3-MSH
immunoreactivity was found to be consistently elevated
in patients with cardiac arrest when compared to inten-
sive care unit controls (162�20 vs. 35�6 pg/ml; p�0.001).
	 3-MSH seems to be an important component of the
massive release of pituitary and adrenal glandular hor-
mones during cardiac arrest.18

An interesting study in rats with prolonged global
ischemia due to respiratory arrest demonstrated that if an
intravenous injection of �-MSH was given at the start
of mechanical ventilation there was an immediate (�1
minute) increase in cardiac output, heart rate, mean arter-
ial pressure, and pulse pressure, with full recovery of elec-
troencephalographic patterns and blood gas parameters
after 30 to 45 minutes. All animals eventually recovered
completely.34 These results suggest that melanocortin pep-
tides not only affect resuscitation during pre-terminal
ischemia, but may also have potential therapeutic values
in global and local ischemia.

Prolactin
Prolactin is a mammotrophic peptide that is unique
among the pituitary hormones for being only under tonic
inhibitory control by the hypothalamus. The hypothala-
mic factor that suppresses prolactin secretion is thought
to be dopamine.3 In addition to promoting mammary

gland development and milk production, prolactin plays
a pivotal role in the immune system. Physiologic studies
have demonstrated the presence of prolactin receptors
on human T- and B-lymphocytes,35 and showed that
T-lymphocytes depend on prolactin for maintaining
immune competence.36

Cardiac arrest is associated with a marked elevation
in serum prolactin concentrations (44�10.2 ng/ml; fre-
quency of abnormally high values 60%; n�15). Prolactin
levels increase within the first 10 minutes of cardiopul-
monary resuscitation and remain elevated throughout
resuscitation.18 Another study of prolactin serum levels in
patients with out-of-hospital cardiac arrest found that pro-
lactin levels were significantly higher in patients who could
be successfully resuscitated when compared to patients in
whom cardiopulmonary resuscitative efforts remained
ineffective (95.9�13.6 vs. 23.9�5.6 ng/ml; p�0.0001).
Decreased prolactin concentrations in non-resuscitated
patients may have been a result of exhaustion of the neu-
roendocrine system, or due to differences in bioavailability
at the site of blood sampling, on the basis of differences in
hemodynamics.37

Prolactin release during cardiac arrest was speculated
to be mediated by �-endorphin,38 but the correlation
between prolactin and �-endorphin concentrations was
found to be small and non-significant (r�–0.1; p�0.1; n�

117).18 The correlation of prolactin with another marker of
stress intensity, serum cortisol, was highly significant (r�

0.44; p�0.01).18

Growth hormone (GH)
GH, or somatotropin, is released in a pulsatile fashion from
somatotrophs of the pituitary gland. Two hypothalamic
hormones control GH secretion: GH-releasing hormone,
which stimulates the production and induces the release of
GH; and somatostatin, which acts as an inhibitor.3 GH
affects body growth and metabolism directly and indirectly
through stimulation of the liver to produce insulin-like
growth factor-1 (IGF-1, also known as somatomedin C).
Apart from its general effects causing growth, GH has mul-
tiple specific metabolic effects, including enhancement of
total body protein, mobilization of fat stores, and conser-
vation of carbohydrates.

Since the 1980s, a series of synthetic GH-releasing pep-
tides and non-peptide analogs, together labeled GH secre-
tagogues, have been developed with potent GH-releasing
capacities acting through a specific G-protein-coupled
receptor located in the hypothalamus and the pituitary.39, 40

The endogenous ligand for the GH receptor is known as
ghrelin, a highly conserved 28-amino-acid peptide41 ori-
ginating in the stomach as well as in the hypothalamic
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arcuate nucleus, that has recently emerged as a key factor
together with GH-releasing hormone and somatostatin,
involved in the complex control of GH secretion. These
regulatory factors act in concert to achieve a pulsatile secre-
tion of GH.

To date, there are no studies on the GH response during
global ischemia or cardiac arrest, although a significant
release would be expected to maintain at least cerebral
glucose supply.

Neurohypophysis (posterior lobe)

Vasopressin
Vasopressin is an endogenous nonapeptide hormone with
antidiuretic, vasomotoric, hemostatic, and central nervous
effects. The hormone is produced in the magnocellular
nuclei of the hypothalamus and stored in neurosecretory
vesicles of the neurohypophysis. It is secreted upon
osmotic, hemodynamic, and endocrinologic stimuli. Most
newly synthesized vasopressin is stored intracellularly;
only 10%–20% of the total hormonal pool within the pos-
terior pituitary can be readily released.

Important hemodynamic signals for secretion are
reduced atrial filling, as well as decreased arterial blood
pressure. Any reduction in blood volume or venous return
stimulates vasopressin secretion via activation of stretch
receptors located in the left atrium and pulmonary arteries
(Gauer–Henry reflex). Activation of baroreceptors in the
aortic and carotid sinus further augments vasopressin
secretion via the glossopharyngeus and vagal nerves.42

Baroreceptor-mediated vasopressin secretion, however, is
the primary stimulation release in hypotensive states.43

In addition to osmolar and hemodynamic stimuli, endo-
toxin as well as pro-inflammatory cytokines can stimulate
secretion of vasopressin independently of plasma osmo-
larity, blood pressure, or intravascular volume status.44–46

Endocrinologically, angiotensin II and III, as well as
endothelins (ET), norepinephrine, and epinephrine are
physiologic secretagogues of vasopressin,42, 47, 48 whereas
ANP suppresses vasopressin secretion.49, 50

In plasma, vasopressin is bound to proteins; 10% at
basal plasma concentrations and up to 40% at higher con-
centrations. Serum half-life varies between 8 and 15
minutes. Splanchnic and renal enzymatic degradation
are primary pathways of inactivation. Renal clearance of
vasopressin results from glomerular filtration, degrada-
tion, or reabsorption in the proximal nephron, and addi-
tional secretion into the distal nephron. Ten percent of
vasopressin is excreted as active hormone. Renal clear-
ance remains unaffected by changes in serum concen-
tration over a broad range.51 Splanchnic clearance of

vasopressin is accomplished almost equally by the intes-
tine and the liver.52 Because the sum of splanchnic and
renal elimination of vasopressin is less than estimates of
its metabolic rate, there seems to be a pharmacologically
significant clearance of vasopressin by other organs.51

Peripheral effects of vasopressin are mediated by three
different G protein-coupled receptors. V1a-receptors have
been found on vascular smooth muscle cells and induce
vasoconstriction by an increase in cytoplasmic ionized
calcium via the phosphatidyl-inositol-bisphosphonate
cascade.53 In contrast to catecholamine-mediated vaso-
constriction, effects of vasopressin are also preserved
during hypoxia and severe acidosis.54 Vasopressin-
mediated vascular effects differ substantially within par-
ticular vascular beds, however. Physiologically, most
arterial beds exhibit vasoconstriction in response to vaso-
pressin,55, 56 with vasopressor effects being strongest in the
splanchnic, muscular, and cutaneous vasculature.57

Paradoxical vasodilatation to vasopressin has been
described in the pulmonary, coronary, vertebrobasilar, and
gastrointestinal circulation.58–60 The underlying mecha-
nisms seem to be nitric oxide dependent.58 Recently, there
is increasing evidence of hemodynamically relevant V1a-
receptors on cardiomyocytes. In vitro and animal experi-
ments have demonstrated an increase in intracellular
calcium concentration and inotropy after stimulation of
myocardial V1a-receptors.61,62 V1a-receptors are further
expressed on thrombocytes. Upon stimulation, they induce
an increase in intracellular calcium, thereby facilitating
thrombocyte aggregation.63 Vasopressin also increases
expulsion of thrombocytes from the bone marrow.64

Other hemostatic effects are mediated by V2-receptors.
Prostacyclin generation is stimulated; tissue-type plas-
minogen activator activity, factor VIII-related antigen activ-
ity, factor VIII coagulant activity, and von Willebrand factor
multimeres all increase upon V2-receptor stimulation.65

Stimulation of V1a-receptors on hepatocytes increases gly-
colysis and glycogenolysis, gluconeogenesis, and esterifica-
tion and oxidation of free fatty acids, as well as production
of ketone bodies.66

V1b-receptors are found on the anterior hypophysis.
Stimulation induces liberation of ACTH and consequently
enhanced cortisol secretion from the adrenal glands.67

Accordingly, Kornberger et al.23 reported significantly
higher serum ACTH and cortisol concentrations in animals
resuscitated from cardiac arrest with vasopressin when
compared to epinephrine. V1b-receptors are further
expressed on pancreatic isle cells where they induce
insulin secretion.68 Nevertheless, stimulation of insulin
secretion by vasopressin only seems to be relevant during
moderate to severe hyperglycemia.69
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In the kidney, V2-receptors are located on distal tubules
and collecting ducts. Upon stimulation, they facilitate
integration of aquaporines into the luminal cell mem-
brane, leading to increased resorption of free water via
an adenylate cyclase-dependent mechanism.42 Despite
this antidiuretic effect, a paradoxical increase of urine
output has been reported during continuous vasopressin
infusion in vasodilatory shock.70–72 One explanation for
this observation is the selective V1a-receptor-mediated
vasodilatation of the afferent and vasoconstriction
of efferent glomerular arterioles which results in a sig-
nificantly increased glomerular filtration pressure.70

V2-receptor-associated natriuretic and diuretic effects
as well as release of the atrial natriuretic factor may also be
involved.72 Additional physiological effects of vasopressin
on specific brain functions, temperature regulation, and
myometrical contractions have been reported.42, 73

During cardiac arrest, serum vasopressin levels were
found to increase significantly. A canine study of 10
minutes of fibrillatory cardiac arrest showed that AVP
levels increased from 1.7�1 pg/ml during spontaneous
circulation to 29.9�33.3 pg/ml during cardiac arrest and
cardiopulmonary resuscitation (p�0.01). In this model,
there was a moderate positive correlation between aortic
pressure and circulating endogenous vasopressin levels
after the first dose of epinephrine (r�0.5). Additionally,
animals with return of spontaneous circulation showed a
trend towards higher concentrations of vasopressin in
serum (p�0.12).9 In a study including 34 patients with
out-of-hospital cardiac arrest, vasopressin concentra-
tions were significantly increased. Resuscitated patients
had significantly higher vasopressin concentrations than
did non-resuscitated patients (122 pg/ml vs. 88 pg/ml;
p �0.049).20 In another study of 60 patients with out-of-
hospital cardiac arrest, vasopressin serum levels before
and after the first epinephrine dosage were significantly
higher in patients with return of spontaneous circulation
when compared with those in patients who could not be
resuscitated (193�28 vs. 70�9 pg/ml, p�0.001; 177�27
vs. 58�9 pg/ml, p �0.001).21 According to these data, it
can be assumed that endogenous vasopressin release
may have an important effect on patient outcome from
cardiac arrest.

Thyroid gland

Thyroid hormones
The thyroid gland is composed of follicles filled with
colloid. Colloid consists of the protein thyroglobulin, which
serves as the matrix for synthesis of the thyroid hormones.
On glandular stimulation by pituitary thyrotropin (TSH),

thyroid hormones are released into the circulation, accom-
panied by small amounts of thyroglobulin.16 The thyroid
hormones triiod-thyronine with three iodine atoms per
molecule (T3) and thyroxine with four iodine atoms (T4)
have important effects on calorigenesis, somatic growth,
and cardiovascular function.16 T3 and T4 differ significantly
in their metabolism.16 Whereas T4 is synthesized exclu-
sively in the thyroid, T3 is mainly produced in peripheral
tissues by deiodination of T4. Reverse T3 is an alternate
product of T4 deiodination that is biologically inactive.16, 74

Studies performed in 24 cardiac arrest patients in the
intensive care unit showed low concentrations of total T4
(3.8�0.6 �g/dl; normal range: 1.2–4.2 �g/dl) and T3 (48�

6 ng/dl; normal range: 80–200 ng/dl).14 On the other hand,
reverse T3 was increased to 53.5�9.7 ng/dl (normal range:
8–26 ng/dl) and dialyzable T4 to 0.029�0.0003% (normal
range: 0.016–0.028%).14 Although TSH was slightly higher
in cardiac arrest than in non-cardiac arrest patients in
intensive care units (6.2�2 �g/ml vs. 3.6�3.3 �g/ml),
the difference was not statistically significant.14 Serum
thyroglobulin levels remained unchanged throughout
resuscitation.14 A similar hormonal profile of decreased T4,
free T4, T3, and free T3, as well as increased reverse T3 was
noted in dogs after cardiac arrest periods of 30 seconds to
9 minutes.75 Analysis of 473 patients with out-of-hospital
cardiac arrest found that patients exhibiting total T4, T3,
and reverse T3 closer to the normal range and TSH levels
that were higher, were significantly more likely to survive
than were patients with low thyroid hormone levels.76

It appears that the thyroid profile of cardiac arrest is
most compatible with peripheral hypothyroidism, and the
relatively higher TSH concentrations in these patients
suggest an appropriate response to a state of hypothy-
roidism. Taken together, the current data provide strong
evidence against active participation of thyroid hormones
in cardiac arrest.

Calcitonin
Calcitonin is a peptide hormone that is synthesized in and
secreted from the parafollicular cells, also known as C cells,
of the thyroid gland. The primary stimulus for calcitonin
secretion is increased plasma calcium concentration.
Whereas in young subjects calcitonin rapidly decreases
blood calcium by reducing the function and formation of
osteoclasts, calcitonin has only weak effects on plasma
calcium levels in adults.77

Although there are no clinical or experimental studies
that examine the course of calcitonin concentrations
during cardiac arrest, calcitonin was measured in acutely
traumatized patients (n�11). Ninety-one percent of these
patients had increased serum calcitonin concentrations
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on admission to the emergency department. Median calci-
tonin concentrations in acutely traumatized patients were
higher throughout the study period than in elective
surgery patients (P�0.05). Interestingly, despite these
increased calcitonin concentrations and hypocalcemia in
most patients, loss of urinary calcium was within the
normal range.78

Parathyroid glands

The parathyroid consists of four small glands that are vari-
ably located behind the four poles of the thyroid gland. The
parathyroid glands are the body’s main location of parathy-
roid hormone production. The parathyroid hormone is a
classical peptide hormone whose secretion is almost com-
pletely dependent on plasma calcium concentrations.
Once released into the circulation, parathyroid hormone
increases plasma calcium and reduces phosphate concen-
trations. While the parathyroid hormone-induced fall in
phosphate concentration occurs rapidly, the rise in calcium
can be divided into a rapid and a slow phase. The rapid
effect is mostly due to parathyroid hormone-induced inhi-
bition of renal calcium excretion. Calcium and phosphate
absorption from the bone by stimulation of osteoclasts is
responsible for the slow effects of parathyroid hormone on
plasma calcium concentrations.77

No data currently exist on parathryoid hormone concen-
trations in patients with cardiac arrest. One clinical study,
however, analyzed parathyroid hormone levels during
global ischemia in acutely ill patients admitted to the emer-
gency department. Elevated parathyroid hormone concen-
trations (�55 pg/ml) were observed in 16% of patients,
most frequently in patients with myocardial infarction
(28%) and congestive heart failure (42%). Parathyroid
hormone levels significantly correlated with the APACHE II
score (P�0.0001) and also with the length of hospital stay
(P�0.002). Moreover, in that study, parathyroid hormone
concentrations were identified as a strong predictor of
patient outcome, with significantly higher serum concen-
trations observed in patients who subsequently died than
in patients who eventually survived (P�0.03).79

Adrenal glands

The adrenal glands comprise two embryologically differ-
ent tissues, the adrenal cortex and medulla. Although
anatomically and histologically distinct, there is no strict
separation in localization of the two tissues. Recent studies
have proven that chromaffin cells, once thought to be
located exclusively in the medulla, can also be found in all

cortical zones, and that cortical cells are found in the
adrenal medulla as well.79, 80 This close co-localization is
assumed to be a prerequisite for paracrine interactions.81

The adrenal medulla takes a special position within the
endocrinologic system since it is not integrated into spe-
cific endocrinologic axes, but is directly innervated by ter-
minal nerves of the sympathic trunk. Although the adrenal
cortex is largely under the control of the hypothalamus
and the adenohypophysis, a direct influence of autonomic
nerve terminals on adrenocortical cells has been sug-
gested.82 The detection of chemo- and baroreceptors in
the adrenal cortex further suggests efferent innervation as
well.83,84

Adrenal medulla
In addition to the terminal sympathetic nerve endings, the
adrenal medulla is the main source of plasma norepineph-
rine. For epinephrine, the adrenal glands are the only
plasma source. Thus, plasma concentrations of epineph-
rine do not only represent activation of the adrenal
medulla, but are also considered the most sensitive marker
for activation of the neuroendocrine response to stress.85

Catecholamines
Epinephrine levels in cardiac arrest are markedly elevated
to the highest concentrations ever reported.86 Whereas
the normal resting values of epinephrine are 0.034�

0.002 ng/ml, peak levels may reach 10.3�2.9 ng/ml during
cardiac arrest (p�0.01)86 and the highest recorded sponta-
neous plasma epinephrine concentration during cardiac
arrest was 35.6 ng/ml.86 Extraordinarily elevated epineph-
rine levels have also been observed in porcine and canine
models of cardiac arrest.87, 88 Activation of the adrenal
medulla is probably initiated by the cessation of blood
flow, which produces maximal stimulation of vascular
receptors in the cardiocirculatory system and results in
massive discharge of epinephrine.89, 90 Extensive manipu-
lations associated with cardiopulmonary resuscitation do
not appear to contribute to this elevation in epinephrine
plasma levels, because peak concentrations are similar in
dogs during cardiopulmonary resuscitation, or assisted
with cardiopulmonary bypass (Fig. 7.2).91

Plasma norepinephrine levels also markedly increased
during resuscitation, from normal resting levels of 0.52�

0.06 ng/ml up to 7.37�1.8 ng/ml.85 In addition, the corre-
lation between simultaneous increases in plasma con-
centrations of epinephrine and norepinephrine during
cardiac arrest is highly significant.86, 92 Since experimental
adrenalectomy before cardiac arrest produces almost total
(about 80%) suppression of the rise in plasma epinephrine
and norepinephrine,88, 93 it appears that the two plasma
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catecholamines share a common adrenomedullary source
in cardiac arrest. Recent evidence suggests, however, that
the release of epinephrine precedes that of norepineph-
rine. The marked rise in plasma epinephrine precipitated
by the administration of epinephrine at therapeutic
dosages in cardiac arrest is followed by proportional
increases in plasma norepinephrine levels.94 Therefore,
stimulation by epinephrine is likely to be the mechanism
for the previously unexplained observation of higher
plasma norepinephrine levels among cardiac arrest
patients treated with epinephrine.86 Taken together, the
data suggest that plasma epinephrine itself may be the
primary and perhaps most important stimulus driving the
rise of plasma norepinephrine during cardiac arrest.
Whether norepinephrine released during cardiac arrest is
primarily derived from adrenal or extra-adrenal compart-
ments (neurogenic or non-neurogenic) is not yet clear.

The effects of epinephrine administration in cardiac
arrest have been the subject of numerous studies performed
in the clinical or experimental setting. It has been con-
cluded that administration of epinephrine may improve
the outcome of cardiac arrest.95–99 Thus epinephrine has
become an important component in the therapy of cardiac
arrest.

Adrenal cortex
The adrenal cortex is the main steroid hormone-producing
organ of the body. More than 30 steroid hormones have
been isolated from the adrenal cortex, but only two are of
exceptional importance to the normal endocrine function:
aldosterone and cortisol. According to functional and his-
tological grading, the adrenal cortex can be divided into
three different zones.
• The outer zona glomerulosa represents the site of miner-

alocorticoid production with its physiologically most
important representative, aldosterone. The function of
the zona glomerulosa is mainly modulated by the extra-
cellular fluid content of angiotensin II, potassium, but
also to a lesser degree by ACTH.

• The central zona fasciculata constitutes about 75% of
the adrenal cortex and is the main site for synthesis of
glucocorticoids. Apart from ACTH, numerous cytokines
and other intercellular mediators influence the biosyn-
thesis of glucocorticoids, of which cortisol is the most
important and 95% of the glucocorticoid activity of the
zona fasciculata is provided by cortisol.

• The inner zona reticularis is the site of adrenal androgen
production. The zona reticularis does not only synthe-
size dehydroepiandrostenedione and androstenedione,
however, but also synthesizes small amounts of estrogen
and some glucocorticoids. ACTH regulates secretion of
these hormones, although other factors such as cortical
androgen-stimulating hormone, released from the pitu-
itary, may be involved as well.

Cortisol
Cortisol is the predominant corticosteroid produced in the
human body. In a healthy, unstressed person, cortisol is
secreted according to a diurnal pattern. Circulating corti-
sol is bound to corticosteroid-binding globulin (CBG), with
less than 10% in the free, bioavailable form. Its effects are
mainly mediated by stimulation of nuclear receptors and
modulation of genetic transcription. During recent years,
however, studies show that there may be increasing
numbers of cortisol effects that are not mediated by
nuclear, but by cytosolic or membrane receptors.

As one of the most important physiologic stress hor-
mones, cortisol has catabolic, anti-inflammatory, and
vasoactive properties on the peripheral vasculature. Thus,
cortisol also contributes to the peripheral vascular tone by
facilitating adrenergic vasoconstriction and exerting per-
missive effects on the synthesis of catecholamines and
other vasoactive peptides.100, 101 Furthermore, cortisol has
inotropic effects and can modulate free water distribution
within the vascular compartment.102 Another effect that
may be of relevance during and after cardiac arrest, is the
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possible involvement of cortisol in the modulation of neu-
ronal death during ischemia. An animal study shows that
adrenalectomy and administration of a glucocorticoid
receptor blocker reduced neuronal cell death after tran-
sient global ischemia, suggesting adverse effects of cortisol
on neuronal cell survival from ischemia.103

Cardiac arrest in intensive care unit patients was associ-
ated with a significant elevation of serum cortisol concen-
trations (48.3�7.6 �g/dl).18 Overall, high serum cortisol
concentrations were found in 86% of intensive care patients
during cardiac arrest. Levels of CBG, on the other hand, were
significantly decreased when compared with non-cardiac
arrest patients in the intensive care unit.18 Such a decrease
in CBG results in a significant increase of its free serum
portion and bioavailability during cardiac arrest. In 10
patients undergoing testing of implanted cardioverter
defibrillator devices, serum cortisol concentrations in-
creased significantly from 367�62 to 539�64 nmol/l (p �

0.001) during induced ventricular fibrillation.22

A study of serum cortisol profiles in patients with out-of-
hospital cardiac arrest19 presented results similar to those
observed in patients with cardiac arrest in the intensive
care unit. Initial serum cortisol levels in these patients were
increased to 32�33.1 �g/dl (n�205) with the free fraction
being equally elevated to 25% of the total cortisol level.
Another trial including 60 patients with out-of-hospital
cardiac arrest observed lower, but still supranormal corti-
sol levels (18�3 and 15�2 �g/dl in survivors and non-
survivors, respectively).21

Initial serum cortisol concentrations at the time of
cardiac arrest may therefore be an ancillary predictor of
survival. Indeed, subjects with serum cortisol levels below
30 �g/dl at the time of cardiac arrest had a 96% mortality
at 6 hours and a 100% mortality at 24 hours.19,104 A recent
trial found a significant difference in serum cortisol con-
centrations shortly after cardiac arrest between survivors
(34.1�11.2 �g/ml) and non-survivors (19�2.8 �g/ml; p�

0.0034). Interestingly, there was no correlation between
serum ACTH concentrations and patient outcome.105 The
possible biological significance of cortisol release during
cardiac arrest is difficult to interpret and has not yet been
studied. Therefore, it remains to be established whether
cortisol plays a direct role in the maintenance of cellular
functions during global ischemia or is simply a prognostic
marker.

Renin–angiotensin–aldosterone system
Angiotensin II is one of the most potent endogenous vaso-
constrictive peptides. It is cleaved from angiotensin I by the
angiotensin-converting-enzyme whose major site of pro-
duction is the lung epithelium.106 Strong vasoconstrictive

effects can partly be explained by angiotensin II-induced
release of ET33 and central activation of the sympathetic
nervous system.8 Another major effect of angiotensin II is
the stimulation of aldosterone production and release from
the adrenal glands.

In addition to the adrenal cortex, aldosterone is also
locally produced in the heart and the vessel wall.107–110

Since neither the aldosterone synthase nor 11-beta-
hydroxylase has so far been detected in the myocardium or
the vascular smooth muscle cells, it is hypothesized that
aldosterone is extracted from the circulation by yet
unknown mechanisms. Secretion of aldosterone from the
adrenal cortex, the heart, and the vessels is mainly stimu-
lated by angiotensin II and III. ET and serotonin are less
potent stimulators, while potassium, the natriuretic pep-
tides, and dopamine inhibit aldosterone secretion.110

Once released into the circulation, aldosterone exerts its
effects by stimulation of cytoplasmic and transmembrane
mineralocorticoid receptors, inducing both genomic and
non-genomic effects. Such aldosterone receptors have
been observed on endothelial cells, vascular smooth
muscle cells, renal tubules, the colon, salivary glands,
heart, and brain. Aldosterone plays a key role in the main-
tenance of sodium and water balance by regulation of
epithelial tubular sodium absorption and transcription of
sodium-potassium ATPase. By activation of central sympa-
thetic neural pathways, aldosterone can also increase
blood pressure. Non-epithelial effects of aldosterone are
mediated through a second messenger system that
involves activation of the sodium/hydrogen antiporter.111

Whereas aldosterone levels have not yet been examined
in cardiac arrest, there are data on its precursors, renin and
the angiotensins. Patients with out-of-hospital cardiac
arrest presented with significantly increased renin concen-
trations when compared with a normal population (4.6 ng/
dl; normal range: 1–3 ng/dl).20 Elevation of plasma renin
activity, however, appeared to be restricted to those who
subsequently achieved return of spontaneous circulation,
whereas renin elevation was not observed in non-resusci-
tated patients (1.1 ng/dl; p�0.2 vs. resuscitated patients).20

Also angiotensin II levels were found to be significantly
elevated in canine cardiac arrest, where angiotensin II con-
centrations increased from 14.7�12.9 pg/ml during spon-
taneous circulation to 151�105 pg/ml during cardiac
arrest and cardiopulmonary resuscitation (p�0.05).9

Because of its potent vasoconstrictive effects, adminis-
tration of angiotensin II has also been studied as a resusci-
tation drug during cardiac arrest. Infusion of 0.05 mg/kg of
angiotensin II resulted in a significant improvement of
both myocardial blood flow and short-term survival in a
pig model of cardiac arrest.112 Similar effects of angiotensin
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II injection on diastolic aortic pressure as well as myocar-
dial and cerebral blood flow were observed in another
animal model of cardiac arrest.113,114 The hemodynamic
effects of angiotensin II during cardiac arrest apparently
are not caused exclusively by direct arteriolar vasocon-
striction via angiotensin II receptors, but are also mediated
by a massive catecholamine release with adrenergic
peripheral vasoconstriction.115

Unconventional endocrine organs

Endothelium
Endothelin (ET) was first isolated by Yanagisawa et al. in
1998. They identified the endothelium-derived contracting
factor as a 21-amino acid peptide from porcine aortic
endothelium cells. The peptide possessed strong vasocon-
strictive properties and was at least ten times as potent as
those of angiotensin II. This peptide was named ET-1 and
together with ET-2 and ET-3 belongs to the ET isopeptide
family.116 ET-1 synthesis is not limited to the endothelium,
but it is also produced in a broad variety of other cells,
including vascular smooth muscle cells,117 mucosal epithe-
lium,118 macrophages,119 mast cells,120 cardiomyocytes,121

neurons,122 tracheal epithelium,123 renal medulla,123 hepatic
sinusoids, and Kupffer cells.124

Factors known to stimulate the endothelium to release
ET-1 include low vascular shear stress,125 hypoxia,126 endo-
toxin,127 transforming growth factor �,128 adrenalin,129

thrombin and angiotensin II.130 Inhibition of ET-1 release
occurs in response to prostacyclin,131 nitric oxide,132 ANP,133

and heparin.133

Under physiologic conditions, ET-1 is considered to act as
a paracrine mediator, and effects are mediated by at least
two types of G-protein-coupled receptors, the ETA and the
ETB receptors.134, 135 In addition to its highly potent vasocon-
strictive effects, in vitro and animal studies have shown that
ET is a particularly strong constrictor of renal mesangial and
coronary vessels. ET receptor stimulation has further been
associated with bronchoconstriction, endocrine regulation,
and stimulation of monocytes to produce interleukins
(interleukin-1, 6, 8), prostaglandin E2, and substances that
trigger formation of superoxide radicals.

During cardiac arrest, ET serum concentrations were
found to be slightly increased over those under normal
conditions. There was no significant difference in serum
ET levels during cardiac arrest between patients who were
successfully resuscitated and who were not (4.3�0.9 vs. 5.5
�0.4 pg/ml).21

Because of its strong vasoconstrictive effects, ET-1 injec-
tion (50–300 �g) was studied during cardiac arrest soon
after its physiologic identification. First studies underlined

the potent vasopressor activities of ET-1 and reported
significantly increased cerebral perfusion pressures, dias-
tolic aortic pressure, as well as vital organ blood flow after
ET-1 injection.136–139 Nonetheless, ET-1 administration did
not elevate myocardial blood flow because of sustained
coronary vasoconstriction.137 During cardiopulmonary
resuscitation, ET-1 administration resulted in a lower end-
tidal carbon dioxide partial pressure presumably due to
decreased cardiac output. After return of spontaneous
circulation, the continued ET-1-mediated intense vaso-
constriction led to higher aortic diastolic pressure and very
narrow pulse pressure. Of greater importance, postresus-
citation mortality was significantly higher in the ET-1
group (6 of 8 vs. 0 of 8 with epinephrine-treated animals,
p �0.01).140, 141

Heart
The myocardium is known to produce and secrete natri-
uretic peptides which lower blood pressure by vascular
relaxation and stimulate renal sodium excretion. Currently,
the ANP and the brain natriuretic peptide (BNP) have been
extensively examined. Both hormones are released into
the blood in response to atrial distension.142–145 They play
a complex role in promoting natriuresis and diuresis,
inhibiting the renin-angiotensin-aldosterone axis, and
acting as a direct vasodilator.146,147 Natriuretic peptides
have been shown to reduce myocardial pre- and after-
load, improve left ventricular function, dilate coronary
arteries, and ameliorate exercise-induced myocardial
ischemia.148–151 BNP has a half-life of about 3 minutes as it
is removed from circulation by binding to natriuretic
peptide clearance receptors (c-type receptors), which are
located on endothelial cells, and it is inactivated through
cleavage by neutral endopeptidases.152

In dogs, the ANP response to cardiopulmonary resuscita-
tion consists of an elevation from baseline values of 55�

46 pg/ml during spontaneous circulation to 293�73 pg/ml
during cardiac arrest.9 ANP was measured in plasma of
patients with out-of-hospital cardiac arrest (n�14) by an
assay with a detectability limit of 50 pg/ml.153 The peptide
was detectable in 3 of 29 healthy controls and in 8 of
14 cardiac arrest patients, where ANP serum levels were also
significantly higher (p�0.01 vs. controls).152 Furthermore,
the distribution of ANP levels in cardiac arrest correlated
significantly with the presence of a pressor response
to adrenalin.153 Thus, a significant pressor response
(�3 mmHg) was observed among cardiac arrest patients
who had low (undetectable) rather than measurable ANP
levels.153 As a result, the actual concentration of ANP had a
strong predictive power for development of an adrenalin
pressure response during cardiopulmonary resuscitation.153
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Kidney
In addition to its important physiologic functions in con-
trolling water, electrolyte, and acid base homeostasis, the
kidney is also an endocrinologic organ. While the kidneys
control the production of calcitriol, a hormone essential to
regulation of calcium homeostasis, renin and erythropoi-
etin are the most important hormones in the body’s
response to global ischemia and reperfusion.

Renin
The juxtaglomerular complex consists of macula densa
cells in the initial portion of the distal tubule and juxta-
glomerular cells in the walls of the afferent and efferent
arterioles. Experimental studies suggest that volume
depletion and low blood pressure decrease glomerular fil-
tration and may thus slow the flow rate in the loop of Henle.
This increases reabsorption of sodium and chloride cells in
the ascending tubule and reduces the concentration of
sodium chloride in the macula densa cells. Such a decrease
in sodium chloride concentration, in turn, initiates a signal
by the macula densa to stimulate renin secretion from the
juxtaglomerular cells of the afferent and efferent arterioles,
which are the major storage sites for renin. Plasma renin
functions as an enzyme to increase the formation of
angiotensin I, which is converted to angiotensin II. Finally,
angiotensin II constricts the efferent arterioles, thereby
increasing glomerular hydrostatic pressure and contribut-
ing to normalization of the glomerular filtration rate.154

Patients with out-of-hospital cardiac arrest presented
with significantly increased renin concentrations when
compared with a normal population (4.6 ng/dl; normal
range: 1–3 ng/dl) (17 am), but elevation of plasma renin
activity appeared to be restricted to those who subse-
quently achieved return of spontaneous circulation. In
contrast, renin elevation was not observed in non-resusci-
tated patients (1.1 ng/dl; p�0.2 vs. resuscitated patients).20

Erythropoietin
Erythropoietin is a glycoprotein hormone that is secreted
from the kidney. Currently, it is not known exactly where
erythropoietin is formed in the kidney, but production in
the renal tubular epithelial cells seems to be likely. Whereas
the kidneys produce approximately 90% of the circulating
erythropoietin, the remaining portion of the hormone is
synthesized in the liver. Anemia, global ischemia, and
hypoxia are the major stimuli for production and secretion
of erythropoietin. Interestingly also, local hypoxia in other
parts of the body, but not in the kidneys, also stimulates
secretion of renal erythropoietin, which suggests that there
might be some non-renal sensor sending additional signals
to the kidneys. Moreover, norepinephrine, epinephrine,

and several prostaglandins can stimulate release of ery-
thropoietin. Erythropoietin not only stimulates production
of proerythroblasts from the hemopoietic stem cells in the
bone marrow, but also increases the rate at which these
cells pass through the different erythroblastic stages.155

Although no clinical or experimental data yet exist on
erythropoietin in the immediate cardiac arrest period, it
can be assumed that global ischemia induces a significant
increase of erythropoietin secretion. In healthy individu-
als, increased plasma erythropoietin concentrations are
observed within 2 hours of exposure to acute hypoxic or
anemic conditions.156, 157

Gastrointestinal tract

Insulin
Insulin is synthesized as a prehormone in the �-cells of the
islets of Langerhans in the pancreas. After posttransla-
tional processing, insulin secretion is mainly regulated by
plasma glucose levels. Elevated serum glucose concentra-
tions cause increased glucose uptake in the pancreatic
islet cells and led to an increase in cellular metabolism,
causing an elevation of the ATP/ADP ratio. This leads to
inhibition of the ATP-sensitive potassium channels, that
again results in depolarization of the cell, leading to
calcium influx and insulin secretion. Once released into
the circulation, first into the hepatic circulation, insulin
exerts its profound metabolic effects principally by stimu-
lation of membranous insulin receptors. While in the liver,
insulin increases the storage of glucose together with a
decrease in hepatic glucose release, and in most non-
hepatic tissues, insulin increases the glucose uptake by
increasing the number of different plasma membrane
glucose transporters (GLUT 1–4).

In addition to its central role in regulating glucose meta-
bolism, insulin stimulates lipogenesis, diminishes lipolysis,
and increases amino acid transport into cells. Moreover,
insulin is known to alter the cellular content of numerous
messenger RNAs and thus may control protein synthesis.

Despite marked hyperglycemia, plasma insulin levels
progressively decrease during cardiac arrest.158, 159 Although
the hypoinsulinemia of cardiac arrest can be explained by
decreased pancreatic blood flow, the absence of a decrease
in pancreatic polypeptide (PP) levels does not support
such an interpretation.160 Moreover, hypoinsulinemia and
hyperglycemia persist long after the return of spontaneous
circulation.158, 159 It is possible that the low splanchnic blood
flow associated with CPR1 masks systemic PP and/or
insulin release. Washout increases failed to develop after
return of spontaneous circulation, however.61 These experi-
mental results suggest that the endocrine digestive system
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products are not actively released by the neuroendocrine
response to the stress of cardiac arrest.

Intestinal hormones
A number of substances found in abundance in the enteric
and pancreatic nervous system affect gastrointestinal
motility and the composition of digestive secretions.162

Among the factors with functional activity are the peptides
pancreatic polypeptide (PP), neurotensin, substance P,
and VIP. These peptides are also produced in the central
nervous system and are secreted in response to both food
and neural stimulation.161 Immunohistochemical studies
of nervous tissue have shown that these generically called
gastrointestinal neuropeptides are localized to specific
nerve endings. Thus, they are thought to have important
roles as neurotransmitters.161 However, synthesis of neu-
ropeptides occurs not only in enteric nerves and central
nerves, but also in immune cells of lymphoid tissues
in the gut. Lymphocytes express receptors for most of
these neuropeptides, but other immune cells, such as
macrophages and mast cells, are capable of responding to
the intestinal hormones. The neuropeptides differ in their
ability to generate lymphoproliferative responses, cytokine
production, and immunoglobulin synthesis. Some neu-
ropeptides, particularly cholecystokinin, gastrin-releasing
peptide, and neurotensin, appear to play an important role
in maintaining mucosal immunity in patients who cannot
receive enteral feeding during critical illness or after intesti-
nal resection.162

The blood levels of gastrointestinal neuropeptides have
been determined in experimental cardiac arrest to evaluate
a possible involvement of the gastrointestinal tract in the
neuroendocrine response to stress.160 This protocol exam-
ined the effects of ventricular fibrillation and return of
spontaneous circulation in sham-operated and adrenalec-
tomized dogs.160 Measurement of PP, VIP, neurotensin, and
substance P showed that only VIP was affected by experi-
mental manipulations. VIP increased significantly after
cardiac arrest, but only in the sham-operated group.160 Of
note, adrenalectomy per se appeared to affect some of the
peptides, since both plasma PP and VIP levels were higher
in adrenalectomized than in sham-operated animals.160

Neuroendocrine response in the postcardiac
arrest period

Pathophysiologically, reperfusion after cardiac arrest begins
with return of spontaneous circulation and renewed supply
of oxygen to the cells. Clinically, the reperfusion phase
reflects the postcardiac arrest period of critical illness in the

emergency department and/or the intensive care unit.
Although global ischemia is terminated in the reperfusion
phase, formation of free oxygen radicals and systemic acti-
vation of the immune, coagulation, and neuroendocrine
system contribute to ongoing cell dysfunction and death.
Overwhelming systemic inflammation and multiple organ
dysfunction are frequent complications during the reperfu-
sion period after cardiac arrest, and have recently been
summarized by the term “post-resuscitation disease.”

Postresuscitation disease is associated with hemody-
namic instability and multiple organ dysfunction that
can contribute to adverse neurologic outcome.163 The
hemodynamic status of postresuscitation disease shares
common features with septic shock and is typically associ-
ated with reversible myocardial dysfunction and vasodila-
tion with low filling pressures requiring volume expansion,
as well as inotropic and vasoactive drugs.164 Moreover, the
immunoinflammatory and coagulatory profile observed in
patients after return of spontaneous circulation typically
resembles that of patients with systemic inflammatory
response syndrome or sepsis, thus characterizing a sepsis-
like syndrome.165, 166

The distinct neuroendocrine response patterns in
acute and prolonged critical illness

It was previously assumed that the stress response during
the acute life-threatening event persisted throughout the
course of critical illness, but this assumption has been dis-
proved. During the initial response to an acute stress event,
such as global ischemia and reperfusion, severe trauma,
sepsis, or major surgery, the anterior pituitary actively
releases its hormones into the circulation, while in the
periphery, anabolic target organ hormones are inactivated.
This response is thought to be beneficial and adaptive in
order to overcome the acute disease. When critical illness
becomes prolonged, however, pulsatile secretion of hor-
mones becomes uniformly reduced and high stress
hormone levels begin progressively to decrease to physio-
logical or even subnormal values. In the pituitary gland,
however, this is most probably due to several complex
mechanisms, such as decreased (hypothalamic) stimula-
tion, depletion of hormone stores, reduced activity of
target tissues, and impaired anabolism.167, 168

Pituitary gland (anterior lobe)

ACTH
After the return of spontaneous circulation, plasma ACTH
concentrations remain persistently elevated for at least 6
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hours.19 Indeed, in one study, ACTH did not decrease to a
mean level of 65 pg/ml until 24 hours after cardiac arrest.19

Although high levels of ACTH and cortisol coexist in
cardiac arrest,18 a causative relationship between ACTH
and cortisol has not yet been detected. Thus, comparison
with healthy subjects showed that only 23% of postcardiac
arrest intensive care unit samples had ACTH concentra-
tions above the normal range, whereas serum cortisol was
elevated in 86% of these samples.18 Moreover, the overall
correlation between cortisol and ACTH was low and did not
even reach statistical significance (r�0.26; p�0.2).18 The
most important evidence against an ACTH-mediated
stimulation of cortisol release is the response to a challenge
with exogenous ACTH in out-of-hospital cardiac arrest.
Testing of this population showed no serum cortisol
response at either 6 or 24 hours after resuscitation, indicat-
ing that the adrenal was refractory to ACTH.19 Therefore, it
appears that adrenocortical ACTH release during and after
cardiac arrest may be driven through a pathway other than
ACTH, possibly including ET.169 The reason for the low
levels of ACTH during this phase of severe stress is unclear,
although a role of ANP or substance P has been sug-
gested.169 It is interesting that additional evidence of per-
turbed ACTH secretion has been uncovered in critical
illness, where ACTH levels are both not suppressed after
administration of dexamethasone and also show an exag-
gerated response to its releasing factor (CRH).170

Therefore, global ischemia and in particular reperfusion
is associated with dysregulated ACTH secretion and obvious
loss of adrenal responsiveness to ACTH. The latter could
represent specific adrenal dysfunction or just irregular
adrenal perfusion. Regardless of the mechanism of the
adrenal defect, the data indicate that plasma ACTH is bio-
logically ineffective during cardiac arrest and the immediate
postresuscitation phase. High levels of ACTH in the postre-
suscitation period can therefore only be taken as an indica-
tor of the intensity of the neuroendocrine stress response.

�-Endorphins
No study so far has specifically evaluated �-endorphin
concentrations in the post-resuscitation phase after
cardiac arrest. Only Wortsman et al. have reported on ele-
vated �-endorphin levels during the resuscitation phase
after cardiac arrest.18 Nonetheless, there are some reports
on changes in �-endorphin concentrations during chronic
and acute stress, such as shock or critical illness.171 In an
animal model of shock, �-endorphin was substantially
increased during hemorrhage172 and sepsis.173 Similarly,
Schmidt et al. observed significantly elevated �-endorphin
levels that paralleled epinephrine and norepinephrine
plasma concentrations during acute and chronic stress in

critically ill patients.174 High levels of �-endorphin are
assumed to modulate hemodynamic stability, neuroen-
docrine, and cytokine responses during stress, such as
hemorrhagic shock.175

Of great interest with respect to cardiac arrest is an
inhibitory effect of �-endorphin on plasma membrane
calcium currents.6 Recent studies have attributed such a
possible neuroprotective effect of endogenous opioid pep-
tides to the �-receptor coupled to G(o)-type GTP-binding
protein.176, 177 �-Endorphin also acts as a direct vasodilator
on the cerebral circulation and may thus have additional
neuroprotective effects.6 Nonetheless, administration of
naloxone to dogs with cardiac arrest failed to have a bene-
ficial effect on outcome.7

Melanocyte stimulating hormones
MSH concentrations have so far not been investigated in
the postcardiac arrest period, although, several studies
have reported a potential role of melanotropins in the treat-
ment of global and local ischemia as well as reperfusion.

�-MSH and other ACTH fragments were reported to
improve significantly blood pressure, pulse amplitude, and
survival in otherwise fatal hemorrhagic shock in rats.178

Similar effects of melanocortin peptides were observed
in myocardial ischemia and reperfusion injury when
MSH administration prevented free radical discharge, the
development of severe ventricular arrhythmias, and an
abrupt fall in systemic arterial resistance, with a conse-
quent increase in survival.179–181 The protective effects of
melanocortins may be due to MC3 receptor-mediated
inhibition of oxygen free radical discharge and a reduced
inflammatory response. Anti-inflammatory effects of MSH
can be linked to stimulation of central melanocortin recep-
tors,182, 183 and to the inhibition of NF-�B activation.184

Based on the immune modulating effects of �-MSH,
Delgado-Hernandez et al. have demonstrated that intrathe-
cal injections of �-MSH can abrogate the inflammatory
response in the peritoneum and lung after intraperitoneal
administration of lipopolysaccharide, whereas intraperi-
toneal injections of similar dosages of �-MSH did not
reduce this inflammatory response.185

Prolactin
Following the rapid increase in serum prolactin concentra-
tions shortly after cardiac arrest, prolactin levels remain
elevated throughout the postresuscitation period.18 In one
study, 5, 15, 30, and 60 minutes after restoration of sponta-
neous circulation, prolactin serum concentrations were
significantly elevated (Fig. 7.3).37 Cytokines again may play
an important role. Although prolactin appears to have
immunostimulatory properties in animal models as well
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as in humans,186–188 it remains unclear whether relative
hyperprolactinemia during the initial phase of critical illness
contributes to the activation of the inflammatory cascade.

In prolonged critical illness, serum prolactin levels are
no longer elevated, and its secretory pattern is character-
ized by a reduction in the pulsatile fraction.189, 190 It is not
known whether the blunted prolactin secretion plays a role
in the anergic immune dysfunction or the increased sus-
ceptibility of long-term critically ill patients to infec-
tions.191, 192 In addition to endogenous suppressing factors,
therapeutic interventions, such as dopamine infusion,
may also reduce prolactin production and release. Thus,
dopamine was shown to aggravate both T-lymphocyte dys-
function and impaired neutrophil chemotaxis.188, 193, 194

Growth hormone
Secretion of GH and its biologic activity have recently
been studied in critically ill patients. In these subjects,
circulating levels of GH were observed to be persistently
elevated, whereas GH-binding activity in plasma was
decreased.8,195,196 These alterations of physiologic GH
homeostasis have been interpreted as acquired peripheral
resistance to GH.195, 196

During the initial phase of reperfusion and acute illness,
serum levels of GH increase, and both peak and interpulse
GH levels are elevated.195, 197, 198 Although the physiologic
mechanisms involved in the GH release in response to
stress are yet to be elucidated, they may be similar to those
observed in starvation, when an enhancement of circulat-
ing GH levels occurs in response to elevated levels of GH
releasing hormone and absence of somatostatin.199

In the acute phase of critical illness, however, there is a
reduction in circulating IGF-1 levels, despite elevated GH
concentrations. Serum levels of IGF-binding proteins are
concomitantly decreased.196, 200 It has been hypothesized
that these alterations in GH homeostasis during the initial
phase of critical illness are mediated by inflammatory
cytokines such as tumor necrosis factor �, and interleukin-
1 and –6.201 High concentrations of IGF-binding protein-1
in serum have been observed to correlate specifically with
intensive care unit mortality in the chronic phase of criti-
cal illness, weeks before death.202 The predictive value of a
high serum IGF-binding protein-1 concentration was
comparable to that of a high APACHE-II score.203

Although during prolonged critical illness, GH contin-
ues to be released in a high frequency pulsatile fashion,
the amount of GH released with each pulse is significantly
reduced.189, 201, 204 Hence, mean GH serum levels during
prolonged critical illness can reach values observed
during health, but are substantially lower than are those
during acute stress.197 This relative deficiency of GH,

which is often observed in the chronic phase of critical
illness, may help to explain the catabolic “wasting syn-
drome” which frequently occurs in long-term critically ill
patients. Interestingly, a greater loss of pulsatility and reg-
ularity within the GH secretory pattern and lower IGF-1
serum concentrations have been observed in male com-
pared with female patients.168 Although the underlying
disease process contributing to these alterations in the
GH axis during prolonged critical illness are not com-
pletely understood, some authors suggested that a dys-
functional pituitary gland may fail to produce GH and
thus contribute to low GH levels. Alternatively, reduced
stimulation of somatotrophic cells by endogenous releas-
ing factors, such as GH releasing hormone or ghrelin, as
well as increased bioavailability of somatostatin, or
endogenous or exogenous dopamine may decrease GH
secretion.201

Clinical studies have shown that administration of GH
improved negative nitrogen balance in patients with
severe burns,205 postsurgical patients,206 patients in the
early phase of sepsis,207 and other critically ill patients.208

Some small studies have even indicated that this improve-
ment in nitrogen balance resulted in a shorter duration
of mechanical ventilation, and a shorter stay in the inten-
sive care unit or the hospital.209–213 In an animal study of
hemorrhagic shock after trauma and sepsis, however,
administration of GH and IGF-1 resulted in more severe
metabolic acidosis and impaired compensation of hemor-
rhage.214 Similarly, a large multicenter study found that in
patients with prolonged critical illness, high doses of GH
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were associated with increased morbidity and mortality
(p�0.001; relative risk of death for patients receiving GH
was 2.4). Among survivors, both the intensive care and
hospital length of stay were prolonged in the GH group,215

Exact reasons for increased morbidity and mortality asso-
ciated with high GH levels in critically ill patients remain
unclear, but direct and indirect modulation of immune
function appears to play an important role.215

Gonadotropins
The pituitary gonadotropins, follicle-stimulating hormone
(FSH) and luteinizing hormone (LH), act on the gonads
(ovaries or testes) to determine sexual development and
the reproductive potential. Secretion of gonadotropin is
controlled by the hypothalamus and by a negative feed-
back mechanism triggered by testicular testosterone and
ovarian estrogens.3

Although the gonadotropin hormonal response to
cardiac arrest has not yet been studied, a significant
amount of data has been collected on FSH and LH levels
during critical illness. Patients in medical or surgical inten-
sive care units usually present with a reversible impair-
ment of gonadotropin secretion,216 this effect is related to
both the severity and duration of the underlying illness.217

Studies in critically ill postmenopausal women, who nor-
mally have high FSH and LH levels, have shown sup-
pressed gonadotropin concentrations.218 In one study,
levels somewhat below the expected concentrations of
30 IU/ml were found in 69% of patients, with concen-
trations frankly depressed (�5 IU/ml) in an additional
25%.216 Since these patients did not respond to the hypo-
thalamic peptide gonadotropin-releasing hormone, it
was concluded that the gonadotropin secretory defect may
involve predominantly the pituitary gland.216 Studies in
men with critical illness have shown comparable decreases
in serum LH and FSH.216, 219

Endogenous dopamine or opiates may be involved in
the pathogenesis of hypogonadotropic hypogonadism,
while iatrogenic factors such as exogenous dopamine and
opioids may further diminish blunted LH secretion.219, 220

Animal data suggest that prolonged exposure of the brain
to interleukin-1 may also contribute by suppressing syn-
thesis of LH releasing hormone.221

Nevertheless, these abnormalities are reversible, and
patients tested after recovery had normal gonadotropin
concentrations.217 In some types of less severe acute stress,
such as minor surgical procedures or short-term fasting,
gonadotropin levels were not found to be decreased.222, 223

Therefore, it may be concluded that reproductive hor-
mones are generally suppressed during chronic stress of
high intensity, but not acute stress of minimal intensity.

The extent of the impairment of gonadotropin secretion
has been reported to correlate with patient outcome.
Patients presenting with hypogonadotropism during criti-
cal illness were more severely ill, had a longer duration of
treatment in intensive care units and hospitalization as
well as a higher incidence of parenteral hyperalimentation,
lower serum albumin levels, and a higher mortality when
compared with patients presenting with gonadotropin
levels within the expected serum range (�30 IU/L).216

Neurohypophysis (posterior lobe)

Vasopressin
Thus far, vasopressin serum levels have not yet been exam-
ined during critical illness after cardiac arrest. However,
several recent studies have focused on the evaluation of the
role of endogenous vasopressin levels during septic shock.

As animal and human studies both showed, plasma vaso-
pressin levels demonstrate a biphasic pattern during septic
shock. In early septic shock, vasopressin concentrations
significantly increase, while they begin to decline as early
as 6 hours after the onset of septic shock. At 36 hours, vaso-
pressin concentrations were found to be inappropriately
low for the degree of hypotension in one-third of patients,
and may thus represent a relative deficiency of vaso-
pressin.224 Similarly, Landry and coworkers have repeatedly
observed inadequately low vasopressin concentrations in
the course of septic shock,225 vasodilatory shock after
cardiac surgery226 and cardiac transplantation,227 late hem-
orrhagic shock,228 as well as in hemodynamically unstable
organ donors.229

Low vasopressin levels are most likely due to impaired
vasopressin secretion, rather than increased metabolism as
vasopressinase levels remain undetectable during estab-
lished septic shock.230, 231 A single study of three patients
reported undetectable levels of vasopressinase in plasma,
which were attributed to renal and hepatic dysfunction
commonly seen in septic patients.231 Hence, proposed
mechanisms for decreased serum vasopressin levels in late
septic shock include exhaustion of pituitary stores caused
in response to baroreceptor-mediated release, autonomic
dysfunction, inhibitory effects of increased concentrations
of norepinephrine in serum, and increased release of nitric
oxide in the posterior pituitary.225, 230, 232 It is known that
neurohypophyseal stores of vasopressin may easily be
depleted after profound osmotic stimulation,229, 233 and
probably also after profound baroreflex stimulation. In
support of this hypothesis, immunohistochemical analysis
of the neurohypophysis in dogs revealed that vasopressin
all but disappeared after 1 hour of severe hemorrhagic
hypotension (Fig. 7.4).230 Moreover, sepsis and a massive
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surge of proinflammatory cytokines, as also occurs during
postresuscitation disease, may lead to hypothalamic dys-
function and nitric oxide-mediated impairment of vaso-
pressin synthesis, transport, storage, and release.234

Serum vasopressin concentrations 24 hours after admis-
sion to the intensive care unit were significantly higher in
239 mixed critically ill patients when compared with healthy
controls (11.9�20.6 vs. 0.92�0.38 pg/ml, p�0.001).235

There was no detectable relationship between endogenous
vasopressin levels and any specific hemodynamic index,
indicating that endogneous AVP concentrations contribute
only little to the maintenance of arterial blood pressure in
critical illness. Whereas patients with hemodynamic dys-
function still had a detectable correlation between AVP
serum concentration and the incidence of cardiovascular
function (p�0.042), however, patients in shock completely
lost such a relationship (p�0.334). This suggests that the
physiologic association between hemodynamic parameters
and AVP serum concentrations is substantially altered in
critically ill patients with hemodynamic dysfunction, and
completely lost in patients with shock. Additionally, during
this early phase of critical illness, only 32/239 patients
(13.4%) fulfilled the criteria for relative vasopressin defi-
ciency. Absolute vasopressin deficiency, defined as serum
vasopressin concentrations �0.83 pg/ml, was detected in
only four study patients (1.7%) and was not associated with
diabetes insipidus, but with a low degree of organ dysfunc-
tion and beneficial patient outcome.

Leptin
Adipocytes are the body’s main site of leptin production
and secretion. Circulating leptin is known to correlate

positively with fat mass and body weight in healthy
volunteers, as well as in subjects with obesity and with
conditions of chronic undernutrition.236, 237 Adipocytes
have been shown to release leptin in a pulsatile fashion,
following a marked circadian rhythmicity with elevated
nocturnal values.238, 239 Factors known to influence leptin
release from adipocytes in man are insulin, GH, IGF-1,
thyroid hormones, glucocorticoids, cytokines, and �-
adrenoreceptor agonists.240–243

Leptin is not only a central hormone in appetite control
and regulation of energy expenditure,244 but has recently
emerged as an important regulator of T-cell-dependent
immunity.245, 246 Furthermore, as a cytokine, leptin affects
thymic homeostasis and, similar to other pro-inflamma-
tory mediators, it promotes cytokine production.247 Leptin
exerts its effects by stimulation of its receptors in hypo-
thalamic neurons. Its peripheral effects are mainly medi-
ated by melanocortins.248

Recent animal and human studies have suggested that
leptin secretion is closely related to the function of the
hypothalamic–pituitary–adrenal axis and the immune
system, both of which crucially influence the course and
outcome of critical illness. Mean leptin plasma concentra-
tions were threefold higher (18.9�4.5 ng/ml) in critically ill
patients when compared to those in healthy controls (3.8
�1 ng/ml; p�0.05). Patients surviving septic shock had
significantly higher leptin plasma concentrations than did
non-survivors (25.5�6.2 vs. 8�3.7 ng/ml; p�0.01).249

Another study demonstrated that leptin serum concentra-
tions in critically ill patients with sepsis lost their correla-
tion with body mass index, but correlated significantly
with serum IGF-1 concentrations.250 Similarly, Carlson
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et al. found no correlation between serum leptin concen-
trations and resting energy expenditure or insulin sensitiv-
ity in human sepsis.251

Thyroid gland

Thyroid hormones
Similar to the acute cardiac arrest period, thyroid hormone
levels have been found to be low during reperfusion,
indicative of a continuing hypothyroid state in the imme-
diate post-cardiac arrest period. Twelve hours after a
9-minute cardiac arrest period in dogs, total and free T4 as
well as T3 serum concentrations were found to be signifi-
cantly decreased when compared to pre-arrest levels.
Reverse T3 concentrations were elevated, indicating a
peripheral metabolizing block of T4 during the first 24
hours after cardiac arrest.75, 252

During the later course of critical illness, peripheral
hypothyroidism can advance to transient central hypothy-
roidism characterized by low total T4 and T3 levels, as
well as low serum TSH concentrations.253 In particular, this
phenomenon has been observed in patients with sepsis
and referred to as the “euthyroid sick syndrome,”254 or
“non-thyroidal illness syndrome.”253 Although the exact
mechanisms of such a hypothyroid state in severe illness is
not yet clear, several authors have proposed that decreased
peripheral deiodination of T4 and reduced binding by
plasma thyroid hormone binding proteins might explain
the observed changes in thyroid hormone homeostasis.255

Clinically, reduced plasma concentrations of T3 and T4
may cause ileus, insulin resistance, impaired triglyceride
levels, reduced inotropy, and reduced protein synthesis
and metabolism in muscle.197

Studies have repeatedly shown that hypothyroxinemia
after cardiac arrest and during sepsis was a powerful pre-
dictor of mortality in critically ill patients (Fig. 7.5).256

Notably, free T4 concentrations have been observed to be
tightly associated with poor outcome.257 Thus, T4 levels
below 3 mg/dl after admission to the intensive care unit
were reported to correlate with a 84% mortality rate.
Mortality decreased with increasing T4 levels.257

In view of these results, several attempts have been made
to substitute thyroid hormones and evaluate changes in
patient outcome resulting from such an intervention. One
randomized, double-blind study evaluating T3 substitu-
tion therapy in cardiac surgery patients demonstrated
improved hemodynamic stability, as well as a decrease in
postoperative ischemia in patients treated with T3.258

Similarly, two studies performed in animals after 9 minutes
of cardiac arrest reported improved cardiocirculatory and
neurologic function after administration of L-T4.252, 259

Administration of thyroid hormones was associated with a
significant increase in systemic oxygen consumption.260

Other studies found that neither hemodynamic variables
nor morbidity or mortality were different between thyroid
hormone-substituted and not substituted patients.261, 262

Many authors, however, argue that administration of
thryoid hormones to critically ill patients may inhibit TSH
secretion and suppress an important mechanism for nor-
malization of thyroid function during recovery.263

In conclusion, there is currently no scientific evidence to
support subsitution of thyroid hormones in critically ill
patients after cardiac arrest. At present, development of
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the so-called “euthyroid sick syndrome” can simply be
interpreted as an indicator of the severity of disease.

Calcitonin
During the first 24 hours after admission to the intensive
care unit, critically ill patients were found to have sig-
nificantly increased calcitonin serum concentrations. In
particular, patients suffering from sepsis had higher
calcitonin levels than did non-septic patients (p�0.004).
Moreover, calcitonin levels were not only correlated with
the APACHE II and the Multiple Organ Failure Score, but
also demonstrated a positive correlation with length of
stay in the intensive care unit. In the same study, survivors
had significantly higher calcitonin concentrations than
did non-survivors (p�0.03). Interestingly, serum calci-
tonin concentrations were not related to the degree of
total serum calcium concentrations.264 In critically ill chil-
dren, basal serum calcitonin levels were significantly
increased and correlated with low concentrations of
ionized calcium in blood.265

Parathyroid glands
In critically ill patients, both increased and decreased
parathyroid hormone concentrations have been repor-
ted.266–268 Carlsted et al. reported on significantly increased
serum parathyroid hormone levels in a mixed critically ill
patient population.269 In this study, parathyroid hormone
levels were related to the severity of disease and also to
patient outcome. Similar to a more recent publication,270

increased parathyroid hormone levels were particularly
evident in two specific disease groups, patients with sepsis
and patients undergoing major surgery (50–70% of healthy
controls). Regardless of the nature of the critical illness, the
elevation of parathyroid hormone serum concentrations
during the early period of intensive care treatment was an
unfavorable prognostic sign.269

In studies performed in healthy subjects, catecholamine
infusion resulted in altered parathyroid hormone levels,
most probably due to a decrease in circulating calcium
levels.270 Nonetheless, increased catecholamine serum con-
centrations, such as typically found in critically ill patients,
could exert a direct action on parathyroid hormone secre-
tion, as �-adrenergic receptors have been detected on
parathyroid cells.271–273 Furthermore, the systemic inflam-
matory response which inevitably occurs to a certain extent
during sepsis or after major surgery, but also after resuscita-
tion from cardiac arrest, seems to further influence home-
ostasis of parathyroid hormone. Tumor necrosis factor-�

and interleukin-1 may impair the responsiveness to
parathyroid hormone by downregulating parathyroid
hormone receptors in osteoblast-like cells.273 Interleukin-6

was shown to be a downstream effector of parathyroid
hormone, which stimulates bone resorption.274, 275

Adrenal glands

Catecholamines
Plasma epinephrine, norepinephrine, and dopamine con-
centrations are markedly increased during the first 60
minutes after return of spontaneous circulation, even when
exogenous epinephrine is not administered during resusci-
tation efforts. Peak levels of endogenous catecholamines
are observed shortly after restoration of circulation and are
probably due to “washout” of catecholamines released after
arrest onset and during global ischemia.276

To date, only one other study evaluated the course of
plasma catecholamine levels following conventional
resuscitation that included the injection of epinephrine.
Prengel and coworkers described the elimination kinet-
ics of epinephrine in patients successfully resuscitated
from out-of-hospital cardiac arrest. They failed to demon-
strate a correlation between non-invasively determined
hemodynamic variables, such as heart rate or mean
arterial blood pressure, or glucose and lactate and meas-
ured serum epinephrine and norepinephrine concentra-
tions, which consisted of endogenous and exogenous
catecholamines.277

High plasma catecholamine concentrations persist
for prolonged periods after the initial epinephrine and
norepinephrine surge and appear to be driven by post-
resuscitation hypotension. The adrenergic response
not only leads to a compensatory increase in systemic
vascular resistance, but also to detrimental effects on
cardiac function during the postresuscitation period.
Accordingly, Niemann et al. reported on a negative corre-
lation between norepinephrine plasma concentrations
and left ventricular stroke work.276 This potentially detri-
mental effect of a presumed adrenergic compensatory
response shares some close similarities with chronic con-
gestive heart failure.278, 279 As in patients with chronic
heart failure, a recent investigation examining the effects
of �-blockade during the early postresuscitation phase
could prove to have a beneficial effect on myocardial
function.280

After the immediate reperfusion period and postresus-
citation phase, catecholamines remain significantly ele-
vated in critically ill patients when compared to healthy
controls.281 Particularly high plasma epinephrine and nor-
epinephrine concentrations have been reported during
endoxemia and septic shock.282 Boldt and colleagues
reported significantly higher mortality rates in criti-
cally ill patients with high concentrations of plasma
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catecholamines. While epinephrine and norepinephrine
plasma concentrations were elevated in non-survivors on
the day of admission to the intensive care unit and were
tremendously increased during the days following, plasma
catecholamine concentrations significantly decreased in
critically ill patients who survived.283 Interestingly, in
another study analyzing patients with septic shock, not
only the absolute height of plasma catecholamine concen-
trations, but also the adrenal response to a head-up tilt was
predictive of poor outcome. During a 60-degree head-up
tilt, the increase in plasma norepinephrine levels was sig-
nificantly higher in survivors than in non-survivors, sug-
gesting an adequate response of the sympathetic nervous
system including the adrenal medulla.284

Cortisol
A recent study examined the incidence and prognostic
value of relative adrenal insufficiency after cardiac arrest.
Out of 64 patients hospitalized in the intensive care unit
after successful resuscitation of out-of-hospital cardiac
arrest, 33 patients (52%) fulfilled the criteria for relative
adrenal insufficiency defined as an incremental response
of less than 9 �g/dl 60 minutes after administration of
250 �g of tetracosactide. Baseline cortisol concentrations
were higher in patients with adrenal insufficiency than in
patients without (41 vs. 22.8 �g/dl; p�0.001). A long inter-
val before initiation of cardiopulmonary resuscitation
was associated with occurrence of relative adrenal insuffi-
ciency indicating a pathogenetic role of hypoxia. Presence
of adrenal insufficiency after cardiac arrest was identi-
fied as a poor prognostic factor of shock-related mortality
(p�0.02).285

Adrenal function appears to be strongly dependent on
age during critical illness. Adrenal insufficiency occurred
2.5 times more frequently in patients older than 55 years
than in younger patients.286 While patients older than 60
years had paradoxically higher serum cortisol concentra-
tions than did patients younger than 30 years, their
response to ACTH stimulation was significantly smaller on
both low (1 �g) and standard dose (250 �g) tests.287

The mechanisms of adrenal insufficiency after cardiac
arrest or major surgery as well as during severe sepsis and
septic shock are complex and not yet fully understood. The
systemic inflammatory response syndrome, which to a
certain extent always accompanies the reperfusion period
of global ischemia, results in the release of proinflamma-
tory cytokines (TNF-�, IL-1, IL-6), which in vitro suppress
the pituitary response to the hypothalamic corticotropin
releasing hormone,288, 289 and the release of cortisol from
ACTH-stimulated adrenocortical cells.290, 291 Nevertheless,
although cortisol synthesis and secretion are impaired

during critical illness, it appears that the function of the
entire hypothalamic-pituitary–adrenal axis is also severely
impaired.

Moreover, CBG, a liver-derived plasma protein that is the
main carrier protein for cortisol (�90%), also appears to be
another important regulator of the amount of biologically
free cortisol during critical illness.292 While during the initial
phase of reperfusion in septic shock and multitrauma
patients, CBG levels were found to be extremely low, reflect-
ing higher levels of free cortisol, protracted critical illness is
characterized by increasing and normalizing CGB levels,
independent of clinical parameters.293 Similar results have
been observed in patients after major surgery.294 Several
mechanisms have been proposed to explain CBG deple-
tion during reperfusion after shock: increased metabolic
clearance, decreased synthesis in the liver, and capillary
leakage.295, 296 In view of the influence of hypoproteinemia
on total cortisol concentrations, measurement of free cor-
tisol levels or calculation of a correction factor, the free cor-
tisol index (total cortisol/CBG concentration), has been
suggested for assessment of adrenal function.293, 294

In the postresuscitation period, suppression of adrenal
function can also be caused and aggravated by administra-
tion of drugs. For example, transient adrenal insufficiency
has been reported after high-dose fluconazol therapy and
more than one hypnotic dosage of etomidate.297

Renin–angiotensin–aldosterone system
Plasma aldosterone concentrations were reported to be
increased in approximately two thirds of critically ill
patients when compared to healthy controls. Secondary
hyperaldosteronism in the early phase of critical illness, is
hypothesized to be mainly due to the stimulatory effects of
ACTH or ACTH-related peptides. Thereby, it is considered
to be an epiphenomenon of the stress mechanisms of
acute critical illness.298

Nonetheless, a significant portion of critically ill patients
(up to 21% in one study) present with a dissociation of
plasma renin activity and aldosterone production.299

Hyper-reninemic hypoaldosteronism is characterized by
normal metabolic clearance of aldosterone, normal pro-
duction of angiotensin II, appropriate hypercortisolemia,
and decreased levels of 18-hydroxycorticosterone, which
is an aldosterone precursor. Clinically, this syndrome
was reported to be frequently accompanied by hypoten-
sion and hemodynamic instability.300 Such a dissociation
is most probably not due to an impairment of angiotensin
II production or changes in plasma ACTH or potassium.
Pathophysiologically, tumor necrosis factor � and inter-
leukin 1 as well as other cytokines (IGF-1, transforming
growth factor �), which are known to stimulate renin
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activity, but inhibit aldosterone secretion, may contribute
to this state of hyper-reninemic hypoaldosteronism.301

Some authors have reported increased severity of the
underlying disease and increased mortality associated
with this syndrome.299, 300, 302

In light of evidence of decreased adrenal androgen
secretion during severe illness, the dissociation of renin
and aldosterone may represent another adrenal adapta-
tion mechanism to promote cortisol production. Nonethe-
less, inappropriately low aldosterone levels were reported
to be associated with high mortality during critical illness.
Interestingly, a recent prospective study evaluating the
effects of hydrocortisone substitution on patient outcome
in patients with septic shock combined hydrocortisone
with fludrocortisone substitution (50 �g) and reported a
significant improvement in patient survival.303

Gonads
The neuroproductive axis is also significantly suppressed
during critical illness. The degree of both central and
peripheral suppression of the gonads in acute illness has
been demonstrated to be related to the severity of the
underlying disease. Such a suppression was not attrib-
uted to other factors, as age, drugs, head trauma, or
hepatic failure, which are otherwise known to alter sexual
hormone concentrations independently from critical
illness.217 Both men and women uniformly develop tran-
sient hypogonadotropic gonadal insufficiency during
critical illness.304

Testes
Serum testosterone levels during critical illness fall to
prepubertal levels secondary to decreased secretion of
gonadotropins and a decreased Leydig cell response to LH.
At the same time, serum estrogen concentrations rise as
the result of an increased rate of peripheral aromatiza-
tion.305 The low testosterone concentrations are not due to
reduced sex-hormone binding capacity.304 Studies evaluat-
ing the therapeutic potential of androgen subistution in
prolonged critical illness failed to demonstrate conclusive
clinical benefit.306

Ovaries
Studies of serum levels of female gonadal hormones
during critical illness in postmenopausal women showed
increased levels of estrone and estradiol, whereas testos-
terone levels were decreased.13 Since critical illness sup-
presses gonadotropin levels,13, 216 it was suggested that the
increase in gonadal hormones in this population reflects
an adrenal rather than ovarian origin, presumably a conse-
quence of excess ACTH.13

Non-conventional endocrine organs

Endothelium
Plasma immunoreactive endothelin (ET) concentrations in
patients following cardiac arrest (5.4�2.3 pg/ml) were not
different from those in healthy subjects (5.1�1.2 pg/ml).
There was no significant difference in ET concentrations
between survivors and non-survivors.307 However, systemic
ET were found to increase during hypoperfusion and all
shock forms.308–310 Particularly high ET serum levels have
been reported during septic shock.310,311 The possible
involvement of the ET system in human septic shock is
further supported by a clear positive correlation of ET
plasma levels and morbidity and mortality in patients with
sepsis.312, 313

Interestingly, critically ill patients with high ET levels did
not have increased systemic vascular resistance. This was
hypothesized to be due to prostaglandin E2-mediated
vasodilation predominating over ET-mediated vasocon-
striction.308 Furthermore, activation of the ET system has
been associated with several pathophysiological condi-
tions complicating septic shock, such as acute respira-
tory distress syndrome, cardiac dysfunction, splanchnic
hepatic and renal hypoperfusion, as well as disseminated
intravascular coagulation.116 Accordingly, high ET-1 levels
during the initial phase of critical illness appeared to be a
sensitive predictor of death from septic shock.314

Recent evidence suggests that persistently high ET
serum concentrations in the first 24 hours after cardiac
arrest were associated with increased cerebrovascular
resistance and delayed cerebral hypoperfusion.315 Sup-
porting this hypothesis, application of the ETA receptor
antagonist BQ123 during the early reperfusion period
after cardiac arrest in rats shortened postischemic cere-
bral hypoperfusion and accelerated the restoration of the
cerebrovascular CO2 reactivity and recovery of the elec-
trophysiologic function (Fig. 7.6).316 Furthermore, in the
same model, blockage of the ETA receptor 15 minutes after
return of spontaneous circulation following a 12-minute
period of cardiac arrest significantly improved neurologic
outcome.317

Heart
In a study including 401 patients with out-of hospital
cardiac arrest, BNP concentrations on arrival at the emer-
gency room correlated well with subsequent patient
outcome. Increasing concentrations of BNP were predic-
tive of an increased risk of death in hospital and unfavor-
able neurologic outcomes at the time of hospital discharge.
A multiple logistic regression analysis revealed BNP to be a
strong independent factor in survival to hospital discharge.
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Serum concentrations of 100 pg/ml were determined to be
the optimal cut-off point for BNP regarding survival to hos-
pital discharge (Fig. 7.7).318

Similarly, patients with myocardial dysfunction due to
sepsis or septic shock exhibited significantly higher serum
BNP concentrations than did patients with adequate
myocardial function. BNP levels were also significantly
higher on days two and three in patients who died during
their intensive care unit stay (p�0.05).319 In contrast, a
study analyzing ANP and BNP plasma concentrations in
178 mixed critically ill patients reported increased plasma
concentrations of both hormones compared with those in
healthy controls (ANP, 14.3�5.8 vs. 8.8�3.2 pmol/l, p�

0.05; BNP, 26.2�10.7 vs. 4.6�2.8 pmol/l, p�0.0001). The
relative increases in ANP plasma levels were comparable
in all diseases. BNP concentrations, by contrast, showed a
wider variation, with largest concentrations in patients
undergoing cardiac surgical procedures and with sub-
arachnoid hemorrhage. In this study population, serum
concentrations of ANP and BNP did not correlate with the
severity of the disease and could not predict patient
outcome.320 Although another study in 78 mixed critically
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ill patients indicated that BNP serum concentrations 24
hours after admission to the intensive care unit were sig-
nificantly higher in patients with sepsis or septic shock (p
�0.02), in patients�65 years (p�0.04), and in patients
with raised serum creatinine concentrations�110 �mol/l
(p�0.02), BNP serum levels neither correlated with inten-
sive care unit nor with hospital mortality.321

Kidney

Renin
During critical illness complicated by persistent hypoten-
sion, serum renin activities were found to be signifi-
cantly elevated.300 In 44 patients critically ill with septic
shock, plasma renin activity on admission to the inten-
sive care unit was significantly increased. Although in
survivors, plasma renin activity significantly decreased
following intensive care therapy, no change was observed
in non-survivors.322

Erythropoietin
A recent clinical trial analyzed the acute phase response
together with the course of erythropoietin plasma concen-
trations in 22 patients after cardiac arrest. During the inten-
sive care unit stay after return of spontaneous circulation,
plasma erythropoietin levels (mean values in healthy, non-
anemic volunteers, 17.9 mU/ml; 95% CI, 11–31 mU/ml)
increased from 23.5 after cardiac arrest to 26.5 (day 1), 25.5
(day 2), and 31 mU/ml (day 3), but this increase was not
statistically significant (p�0.05). At the same time, hemo-
globin concentrations fell gradually from a median of
14 g/dl on admission to 12.8 (day 1), 11.6 (day 2), and
10.7 g/dl on day 3. Plasma erythropoietin concentrations in
patients surviving with or without a neurologic deficit were
not different, but in non-survivors erythropoeitin levels
were significantly higher on the third day of intensive care
therapy after cardiac arrest than in survivors.323

Similarly, in 44 patients with septic shock, non-survivors
had significantly higher serum erythropoietin levels than
did survivors on admission to the intensive care unit.322

Abnormally high plasma erythropoeitin levels have been
reported to be a negative prognostic indicator in patients
suffering from septic shock in other studies.324, 325 Analysis of
receiver operating characteristic curves showed that a cutoff
for serum erythropoeitin levels of 50 mU/ml on admission
was optimal for predicting death. While in survivors from
septic shock, plasma erythropoietin was negatively corre-
lated with blood hemoglobin concentrations (p�0.001), no
such correlation was observed in non-survivors.322

Although initial plasma erythropoietin levels were sig-
nificantly increased in a mixed medical and surgical

patient population in an intensive care unit, erythropoi-
etin concentrations rapidly decreased thereafter. In the
period of prolonged critical illness, erythropoietin dimin-
ished to levels that were indistinguishable from those in
patients with non-renal anemia.326 Regardless of the
underlying disease, the erythropoietin response to anemia
in intensive care patients, particularly during protracted
critical illness, seems to be severely blunted.325, 327

Inadequate erythropoietin production is therefore likely to
contribute to the development of anemia in long-term crit-
ically ill patients. This phenomenon is assumed to be par-
ticularly pronounced in patients with concomitant acute
renal failure or sepsis.327

Gastrointestinal tract

Insulin
Critical illness, including the postresuscitation phase, is
characterized by hyperglycemia and glucose intolerance
associated with hyperinsulinemia and insulin resistance.328

These metabolic alterations have been summarized under
the rubric “diabetes of injury.”329,330 Pathophysiologically,
the neuroendocrine stress response to global ischemia
and/or reperfusion and the systemic activation of the
immune system are held responsible for the “diabetes of
injury.”330 While catecholamines, cortisol, glucagon, and
GH were all shown to affect glucose and insulin metabolic
pathways directly, pro-inflammatory cytokines influence
glucose homeostasis indirectly, by altering insulin receptor
signaling.330–333

Until recently, the “diabetes of injury” was widely
accepted as a beneficial adaptive response to severe
disease and, as such, to be important for survival. In par-
ticular, the overall increase in glucose turnover and the fact
that hyperglycemia persists despite abundantly released
insulin were considered arguments in favor of tolerating
moderately elevated blood glucose levels during critical
illness. Consequently, blood glucose concentrations of
160–200 mg/dl were recommended to maximize cellular
glucose uptake while avoiding hyperosmolarity.334

In 2001, however, a large, prospective, randomized,
single-center study impressively demonstrated that titra-
tion of insulin infusion during intensive care to strict
normoglycemia (90–110 mg/dl) reduced the mortality of
critically ill patients when compared with conventional
insulin treatment aimed to prevent blood glucose levels
�200 mg/dl (20.2% vs. 10.6%, p�0.005) (Fig. 7.8).335 The
benefit of intensive insulin therapy in critically ill patients
was particularly apparent among patients with prolonged
critical illness that required intensive care for more than
5 days, with mortality reduced from 20.2% to 10.6%.
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Moreover, strict control of blood glucose levels reduced the
incidence of complications, such as severe nosocomial
infections, acute renal failure, liver dysfunction, critical
illness, polyneuropathy, muscle weakness, and anemia
and thus reduced the time that patients were dependent
on intensive care. A recently published report confirmed
the survival benefit of implementing tight blood glucose
control with insulin in a mixed medical-surgical intensive
care population.336

Intestinal hormones
Thus far, no study has examined plasma concentrations of
intestinal hormones in the postresuscitation period after
cardiac arrest. Since postresuscitation disease shares simi-
larities with overwhelming systemic inflammation and
sepsis, however, it was thought that observations made in
animals and patients with sepsis might indicate compara-
ble changes in the postcardiac arrest period.

During endotoxin-induced shock in animals, there are
consistent data to show significantly increased plasma
concentrations of cholecystokinin and VIP.337–339 Since VIP
is a potent vasodilator, it was postulated to contribute to
vasodilatation and hypotension in septic shock. Although
Broner et al. had established that infusion of VIP resulted
in profound hypotension and lactic acidosis,339 another
animal study suggested that endogenous VIP levels may
not be responsible for the vasodilatation during sepsis.337

In this study, during the first 24 hours of sepsis, VIP was
released without a concomitant decrease in blood pres-
sure, suggesting that during septic shock it was released by
a direct mechanism rather than as a result of hypotension.
Similarly, during peak VIP release, which occurred 2 to 4
hours after induction of sepsis, no decrease in systemic
vascular resistance or mean arterial pressure was noted.337

Zamir et al. showed that proinflammatory cytokines were
involved in the release of intestinal peptides during sepsis
and systemic inflammation. Whereas interleukin-1 did not
affect plasma concentrations of gastrin, VIP, peptide YY,
and secretin, tumor necrosis factor � induced a significant
increase in peptide YY levels.340

In human sepsis, a similar increase in VIP serum con-
centrations was found in five patients with fulminant
septic shock. Although none of these patients had VIP
levels �2.5 pM before the septic episode, VIP increased
�4 pM during the septic episode. Sequentially collected
samples from three patients showed rapidly declining VIP
levels after initiation of adequate antibiotic and fluid
treatment.341

Summary

It appears that the differences between the neuroen-
docrine response to global ischemia/cardiac arrest and
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reperfusion/early phase of critical illness are more quan-
titative than qualitative. During both phases, all compo-
nents of the neuroendocrine system are significantly
altered to adapt to maximal stress. Whereas secretion of
adrenomedullary hormones, cortisol, vasopressin, and
the pituitary hormones prolactin, ACTH, �-endorphin,
�-lipoprotein, and probably GH is significantly increased,
thyroidal, gonadal, and endocrine gastrointestinal hor-
mones are not released during the intense stress of
cardiac arrest and global ischemia. Likewise, adrenal
androgens and presumably mineralocorticoid secretions
do not participate in the acute stress response, whereas
secretion of pituitary gonadotropin may be actively
impaired. Interestingly, during cardiac arrest, but not
during critical illness, 73-MSH serum concentrations are
elevated significantly. Cardiopulmonary resuscitation
itself may be the mechanism for the release of ANP that
may simply reflect atrial distension. Whereas most
endocrinologic systems are activated during cardiac
arrest and also in the early phase of critical illness, it
appears that the neuroendocrine system is uncoupled
from its stimulators during chronic stress. Thus, during
prolonged critical illness, return of stress hormones to
physiologic values often results in the occurrence of rela-
tive and absolute hormone deficiencies. Immune sup-
pression, limited organ reserves, and severe catabolism
may originate in part from these profound changes in the
neuroendocrine response to global ischemia and reperfu-
sion during prolonged critical illness.

When summarizing the results of most studies, an ade-
quate neuroendocrine response to cardiac arrest and
during the postresuscitation period appears to be tightly
connected with beneficial patient outcome, whereas an
inadequate stress response seems to be associated with
high morbidity and poor outcome.
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Introduction

Despite advances in the treatment of cardiac arrest, the
development of organ dysfunction following return of
spontaneous circulation causes considerable morbidity
and mortality. The complex pathophysiologic mecha-
nisms underlying this postresuscitation syndrome likely
result from global ischemia, reperfusion, and the trigger-
ing of a profound systemic inflammatory response syn-
drome.1,2 To understand such mechanisms and to improve
therapy for victims of cardiac arrest, it is essential to iden-
tify the principal mediators that contribute to this disease
process, and to identify their roles in the development of
organ dysfunction.3 By understanding the roles of key
inflammatory and immunologic mediators during the
resuscitation and postresuscitation periods, it may be
possible to improve understanding of the whole-body
response to ischemia and reperfusion, and to develop
effective therapeutic strategies for patients who suffer
cardiac arrest and for those who achieve return of sponta-
neous circulation.

Systemic inflammatory response

The pathophysiology of cardiac arrest is complex and,
like sepsis, induces a profound systemic inflammatory
response syndrome.4–12 Unlike sepsis, however, the sys-
temic inflammatory response syndrome following cardiac
arrest results from whole-body ischemia (i.e., low or no-
flow) and reperfusion (i.e., restoration of flow following
ischemia).1,13 The development of a systemic inflammatory

response syndrome has been divided into three stages.14

The first stage occurs in response to an insult, resulting in a
local cytokine response primarily intended to evoke an
inflammatory response to promote local cellular repair by
recruiting cells from the reticuloendothelial and immune
systems. The second stage involves release of small quanti-
ties of cytokines into the systemic circulation in order to
enhance, or magnify, this local response. This acute-phase
response is usually tightly controlled by endogenous proin-
flammatory antagonists, and cytokines and immunologic
mediators are kept in check by specific downregulation and
antagonism. This local process generally continues until
the inciting focus is resolved. Occasionally, however, the
third stage develops. This massive systemic reaction results
in destruction rather than protection because of an imbal-
ance of pro- and anti-inflammatory cytokines, the forma-
tion of oxygen-free radicals, and activation of leukocytes,
and if left unchecked, commonly progresses to multiple
organ failure and death (Fig. 8.1).

Cytokines and reperfusion injury

Proinflammatory and anti-inflammatory cytokine
cascade

The systemic inflammatory response syndrome is charac-
terized by a complex interplay of molecules and cells,
resulting in increased concentrations of systemic inflam-
matory cytokines, activation of the clotting cascade, release
of potent vasoactive substances and adhesion molecules,
and activation of the immune system.15,16 Cytokines are
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soluble, cell-secreted, non-immunoglobulin proteins that,
in minute quantities, modulate host cell function and
include such diverse molecules as growth factors, inter-
leukins, interferons, and colony-stimulating factors.17

Altogether, there are at least 30 different cytokines that are
generally divided into either pro-inflammatory or anti-
inflammatory categories (Table 8.1). Of these, tumor necro-
sis factor (TNF)-�, interleukin (IL)-1, IL-6, IL-8, and IL-10
appear to play the most significant pathophysiologic roles
during reperfusion following ischemia.1,2,18 While the
majority of basic science and clinical research has focused
on the roles of cytokines in patients with sepsis, a growing
body of literature has focused on their roles during
ischemia and reperfusion.19–23

Two of the most widely studied proinflammatory
cytokines include TNF-� and IL-1�. These two cytokines
initiate elaboration and release of other downstream
cytokines (e.g., IL-6, IL-8, IL-10, the Fas/Fas ligand system,
and the CD40/CD40 ligand system), and stimulate an
acute-phase response from the liver. This cascade results

in widespread systemic inflammation resulting in direct
physiologic alterations and tissue injury.

Tumor necrosis factor-�

Tumor necrosis factor-� was first described in 1975 for its
oncolytic effects on solid tumors.23 Since then, it has been
found to have an abundance of physiologic effects, includ-
ing but not limited to, triggering the development of fever,
shock, myocardial depression, acute respiratory distress
syndrome, edema, acute renal tubular necrosis, suppres-
sion of erythropoiesis, and disseminated intravascular
coagulation.24 Although several cell types can produce
TNF-�, including the cardiac myocyte, it is primarily syn-
thesized by macrophages as a 26-kD membrane protein
from which a 17-kD extracellular peptide is cleaved by the
enzyme TNF convertase. Three 17-kD peptides become
non-covalently associated to form a homotrimeric
complex that is biologically active.25,26 TNF-� is released
into the circulation after an insult within minutes and
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reaches peak concentrations between 90 and 120 minutes,
and the serum half-life is approximately 20 to 40
minutes.27,28 TNF-� is removed from the serum by binding
to TNF-receptors and soluble TNF-binding proteins (also
known as soluble receptors) and by clearance of the
protein complexes by the kidney and liver.29

TNF-� interacts with at least two distinct membrane-
associated receptors called TNF-R1 and TNF-R2, both of
which exhibit similar TNF-� binding affinities. Both recep-
tors are ubiquitous, existing on essentially all cell type sur-
faces except red blood cells. The two receptors utilize
distinct intracellular signaling pathways, however. Both
receptors also exist in soluble forms produced by proteo-
lytic cleavage of their extracellular domains. Whereas the
mechanism underlying the specific cleavage is not well
understood, it is thought that these soluble receptors func-
tion to antagonize the effects of TNF-� when concentra-
tions are high. When TNF-� concentrations are lower,
soluble receptors stabilize TNF-� in order to slow the spon-
taneous decay of its bioactivity.29

The role of TNF-� in ischemia and reperfusion injury is
relatively well documented. Initial studies evaluated its
role during re-implantation as well as in models of rat
hepatic ischemia and reperfusion.30 Plasma TNF-� con-
centrations significantly increased between 30 minutes
and 3 hours after reperfusion in these models.

Interleukin-1

IL-1 was first described in the 1940s as a heat-labile protein
that when injected into animals induced fever, and was
further described as a 10- to 20-kD peptide in the 1970s.31,32

It exists in two forms, IL-1� and Il-1�, both of which possess
a wide spectrum of inflammatory, metabolic, physiologic,
hematopoietic, and immunologic properties. IL-1�, in the
setting of endotoxemia, is rapidly transcribed and released
extracellularly, with peak concentrations occurring in
approximately 3 to 4 hours. Although both forms of IL-1
arise from distinct gene products, both recognize the same
cell surface receptors and have overlapping biological
effects. Several nucleated cell lineages have been shown
to synthesize and release IL-1, including monocytes,
macrophages, neutrophils, and endothelial cells.33

The physiologic effects of IL-1 are extensive and in many
respects parallel those of TNF-�. These effects are not
limited to, but include the development of fever, anorexia,
and neutrophilia, and the systemic effects of high dose
IL-1 after injection into animals include hypotension,
depressed myocardial function, and decreased systemic
vascular resistance.24 Additionally, it has been shown that
TNF-� potentiates the effects of IL-1, and their synergistic
activities seem to be caused by second messenger mole-
cules rather than upregulation of receptors.33 In experi-
mental settings in which a systemic inflammatory
response syndrome was induced in volunteers, serum
TNF-� concentrations reached peak levels between 60 and
90 minutes, whereas serum IL-1 concentrations reached
peak levels in 3 to 4 hours.34,35

Other inflammatory cytokines

More downstream inflammatory cytokines include IL-6,
IL-8, and IL-10. IL-6 is considered a weak inflammatory
peptide that acts as an endogenous pyrogen and an
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Table 8.1. Sources and systemic effects of cytokines released during ischemia and reperfusion

Proinflammatory cytokines Major sources Systemic effects

TNF-� Monocytes, macrophages, lymphocytes, Myocardial depression, hypotension,

neutrophils, endothelium, fibroblasts, leukocyte and endothelial activation,

and keratinocytes promotion of hypercoagulability, and

stimulation of IL-1, IL-6, and IL-8

IL-1� Monocytes, macrophages, lymphocytes, Myocardial depression, hypotension,

neutrophils, endothelium, fibroblasts, leukocyte and endothelial activation,

and keratinocytes promotion of hypercoagulability, and

stimulation of TNF-�, IL-6, and IL-8

IL-8 Monocytes, macrophages, lymphocytes, Recruitment and activation of neutrophils

endothelium, fibroblasts, and keratinocytes

Anti-inflammatory cytokines

IL-6 Monocytes, macrophages, T cells, Induction of hepatic acute-phase

endothelium, fibroblasts, and keratinocytes response, decreases IL-1� and TNF-�



inducer of acute-phase responses.36 IL-8 functions to
recruit and activate neutrophils in the development of
inflammation and tissue damage. IL-10 is considered an
anti-inflammatory cytokine and inhibits the production of
TNF-�, IL-1�, IL-6, and IL-8, as well as expression of matrix
metalloproteinases, and attenuates neutrophil infiltration
at the site of injury.20

CD40 is a membrane glycoprotein belonging to the TNF
receptor superfamily and is expressed on a relatively
diverse line of cells, including lymphocytes, monocytes,
macrophages, platelets, and endothelial cells.37 CD40
ligand (CD40L), also known as CD154, is a cell surface gly-
coprotein that also belongs to the TNF family of cytokines,
which also includes TNF-� and Fas ligand. CD40-CD40L
interactions have been most extensively studied in the
context of T- and B-lymphocyte interactions, but also more
recently have been studied in settings of atherosclerosis
and chronic inflammation, and ischemia and reperfu-
sion.38–40 Although it is unclear to what extent CD40-CD40L
signaling plays a role in whole-body ischemia and reperfu-
sion following cardiac arrest, it is known to play a key role
in inflammation through the induction of cellular adhe-
sion molecules, tissue factor in endothelial cells, enhance-
ment of the production of proinflammatory cytokines, and
activation of platelets.41,42

Soluble Fas-ligand (FasL) is cleaved by metallopro-
teinases from its membrane-bound form on T-lympho-
cytes and neutrophils, and serum FasL concentrations
have been shown to increase dramatically following
cardiac arrest.43 Fas is a widely occurring apoptotic signal
receptor molecule expressed by almost any type of cell,
and the level of its soluble form has been shown to corre-
late with the degree of multiple organ dysfunction and sur-
vival in critically ill patients.44

Nitric oxide (NO) is a relatively stable free radical that has
been proposed to contribute to reperfusion injury. NO is
produced from L-arginine by the enzyme nitric oxide syn-
thase (NOS), which is found predominantly in endothelial
cells where NO has beneficial effects, including the pro-
motion of vasodilation and preservation of endothelial
activities. NO reacts with superoxide to produce peroxyni-
trite, a toxic, highly reactive compound capable of produc-
ing irreversible cellular injury. Inhibition of NOS in cardiac
arrest models appears to decrease generation of free radi-
cals generation by inhibiting the production of peroxyni-
trite and reduces the requirements for epinephrine and
closed-chest compressions, but has not demonstrated sur-
vival benefit.45–47

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases involved in remodeling of
the extracellular matrix during various physiologic and

pathologic conditions, including wound healing and
inflammation.48 MMPs are synthesized in a latent, or pro-
MMP, form and are activated by proteolytic cleavage or
conformational change, and the expression of MMPs is tran-
scriptionally regulated by growth factors, hormones, and
cytokines.48 Recent studies emphasize not only soluble
factors but also cell-matrix and cell-cell interactions as key in
gene expression of MMPs.49,50 Inhibition of MMPs has been
shown to improve postischemic left ventricular function in
models of cardiac stunning after ischemia and reperfusion.51

Role of cytokines in the development of postischemic
organ injury

Whole-body ischemia and reperfusion injury lead to the
synthesis and widespread release of proinflammatory
cytokines by macrophages, neutrophils, and endothelial
cells. Cytokines play critically important roles by: (1)
inducing the expression of cell surface adhesion receptors
on a variety of cell types, thus serving to localize phagocytic
cells to areas of inflammation; and (2) directly affecting
parenchymal cell function (Fig. 8.1).

TNF-�, granulocyte/macrophage colony stimulating
factor (GM-CSF), and IL-8 mobilize adhesion receptors on
neutrophils, which facilitates adherence of these cells to
sites of inflammatory injury.52,53 Additionally, TNF-� and
IL-1 induce the expression of adhesive glycoproteins on
endothelial cell surfaces, which serve as receptors for acti-
vated neutrophils.54 Cytokines also induce the expression of
adhesion receptors on parenchymal cells. TNF-�, IL-1, and
IL-6 induce expression of intercellular adhesion molecule
(ICAM)-1 on cardiac myocytes, facilitating neutrophil
adherence and activation.55–57 Thus cytokines are able to
induce the expression of adhesion receptors on a variety of
cell types, which serves to localize neutrophils and other
immunologic cells to areas of inflammation and injury.

Cytokines also directly affect several functions of
parenchymal cells. The direct effect of TNF-� on endothe-
lial cells results in suppression of NO production.58 NO has
been identified as an endothelial-derived relaxing factor
that also demonstrates potent inhibitory actions on platelet
and neutrophil function. Therefore, the cytokine-induced
loss of endothelial-derived NO activity may contribute to
both platelet and neutrophil adhesion during reperfusion.

It is also well known that patients who develop the sys-
temic inflammatory response syndrome manifest cardiac
dysfunction.59 The hemodynamic effects of both TNF-�

and IL-1 are characterized by decreased myocardial con-
tractility and ejection fraction, hypotension, decreased sys-
temic vascular resistance, and biventricular dilatation.60–63

Two specific time-dependent phases have been described
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to characterize TNF-�-related myocardial dysfunction.64,65

The immediate phase occurs minutes after TNF-� expo-
sure, is nitric oxide (NO)-independent, and is mediated
by sphingosine disruption of calcium-induced calcium
release by the sarcoplasmic reticulum.66,67 The late phase
occurs over a period of hours after exposure to TNF-�, is
temporally associated with inducible NO synthase induc-
tion, and is due to NO-induced myofilament desensitiza-
tion to calcium (Fig. 8.2).68–71 Additional research supports
down-regulation of adrenergic receptors, an independent
reduction in their responsiveness and their signal trans-
duction pathways, the formation of free radicals, and apop-
tosis as contributors to the development of myocardial
dysfunction when exposed to TNF-� and IL-1.72–77 A recent
investigation demonstrated an association between
elevated serum TNF-� concentrations and myocardial dys-
function in a porcine cardiac arrest model.78

Other cytokines appear to exert protective effects on
damaged cells. IL-8 prevents neutrophil migration and

neutrophil-mediated damage to ischemic myocardium.79

Also, IL-8 has been shown to inhibit neutrophil adhe-
sion to endothelium and to preserve the ability of
endothelium to relax after coronary artery occlusion and
reperfusion.80 Alternatively, transforming growth factor
(TGF)-� prevents reperfusion-induced endothelial dys-
function after myocardial ischemia and reperfusion.81 The
protective effects of TGF-� may be related to its ability to
decrease neutrophil-endothelial adhesion, suppress the
release of TNF-�, or depress the formation of oxidants.82,83

In summary, cytokines produced by tissue macrophages,
circulating or adherent neutrophils, or endothelial cells in
response to ischemia may stimulate the production or
mobilization of adhesion molecules on neutrophils,
endothelial cells, and parenchymal cells that regulate
the entrapment or sequestration of immunologic cells.
Proinflammatory cytokines appear also to alter important
endothelial functions directly and mediate negative
inotropic effects at the level of the myocyte.
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The immune system and reperfusion injury

The recruitment of leukocytes to sites of inflammation is
critical in the response to tissue injury following ischemia
and reperfusion, and the elucidation of molecules medi-
ating the extravasation of leukocytes from the vascular
space into the extravascular space is central to the under-
standing of the complex regulation of the host’s response
to inflammation. The recruitment of leukocytes from
blood to the site of inflammation proceeds through an
orderly process that includes: tethering or capture, rolling,
activation and firm adhesion, and migration across the
endothelium (also known as diapedesis).84 Each of these
steps is mediated by distinct adhesion molecule families
that are expressed on the surface of both endothelial cells
and adherent leukocytes.

Polymorphonuclear leukocytes and postischemic
cellular dysfunction

It is widely accepted that neutrophils contribute to tissue
damage following ischemia and reperfusion and several
approaches have been used to examine the role of leuko-
cytes in postischemic tissue injury. When blood supply is
reduced (ischemia) and then subsequently reestablished
(reperfusion), the ability of arterioles to regulate the distri-
bution of blood flow is impaired, many capillaries fail to
reperfuse (also known as capillary no-reflow), microvascu-
lar permeability is increased, and white blood cells become
adherent to and emigrate across the walls of postcapillary
venules. Once in the tissues, these inflammatory phago-
cytes attack parenchymal cells, thereby exacerbating injury
induced by ischemia.

One approach to examining the role of leukocytes in
postischemic tissue is to monitor the tissue entrapment of
radiolabeled leukocytes or to measure granulocyte-specific
enzymes, such as myeloperoxidase. Data derived from
these techniques indicate that reperfusion of ischemic
tissues is associated with massive leukocyte infiltration.85,86

Regulation of molecular determinants of leukocyte
adherence

The observation that ischemia and reperfusion-induced
tissue damage is attenuated by blocking neutrophil–
endothelial adhesive interactions not only lends support
to the concept that neutrophils directly mediate postis-
chemic tissue dysfunction, but also emphasizes that the
initial neutrophil–microvascular endothelial adhesion is
the critical and rate-limiting step in later neutrophil–
endothelial cell interactions. Adhesion molecules located

on both endothelial cells and circulating leukocytes are in
large part responsible for guiding the process of leukocyte
extravasation.87 The egress of neutrophils from the vascu-
lar lumen to the extravascular compartment, where tissue
damage occurs, requires several steps in which the neu-
trophil first intimately contacts endothelial cells and then
becomes firmly adherent. The fact that this adhesive
mechanism can be rapidly activated, that it may be rapidly
reversed or sustained (depending on the inciting stimu-
lus), and that it may be either site-specific or generalized
implies that these adhesion molecules are under tight
physiologic control. Research has shown that multiple, dif-
ferentially expressed adhesion molecules on both the neu-
trophil and endothelial cell control the complex process of
neutrophil adherence.88

The molecular events associated with establishing the
adhesive interaction between neutrophils and microvas-
cular endothelium appear to involve at least three fami-
lies of adhesion molecules: (1) the leukocyte �2-integrins
(CD11a/CD18, CD11b/CD18, and CD11c/CD18); (2) the
immunoglobulin gene superfamily (intercellular adhesion
molecule 1 [ICAM-1], vascular cell adhesion molecule 1
[VCAM-1], and platelet/endothelial cell adhesion
molecule 1 [PECAM-1]); and (3) the glycoprotein adhesion
molecule family of selectins (leukocyte (L)-selectin,
endothelial (E)-selectin, and platelet (P)-selectin).89–92

L-selectin is expressed on most leukocytes, including
neutrophils and monocytes, whereas P- and E- selectins
are expressed mainly on the surface of cytokine-activated
endothelial cells.91

Endothelial activation

It was once thought that vascular endothelium functioned
to prevent cellular adhesion and to compartmentalize the
intravascular space. Substantial evidence exists to support
an adhesive function, however, that is pivotal in modulat-
ing the localization of neutrophils to sites of inflammation.
Adhesion molecules expressed on the surface of the
microvascular endothelium modulate the neutrophil-
endothelial interaction associated with inflammation after
ischemia and reperfusion. Three of the best characterized
endothelial cell adhesion molecules are P-selectin, E-
selectin, and ICAM-1.86,92–95

P-selectin is normally found in secretory granules
within platelets and can also be expressed by endothelial
cells. After stimulation with complement, thrombin, or
histamine, P-selectin is mobilized to the endothelial cell
surface within minutes, remains there transiently, is asso-
ciated with reversible PMN adhesion, and is rapidly
removed by endocytosis.96,97 In contrast, activation of
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endothelial cells by certain oxidants (e.g., hydrogen per-
oxide) produced during reperfusion results in a sustained
rather than transient expression of P-selectin.98,99 Thus,
the failure to reinternalize P-selectin may be caused by
an impaired regulatory mechanism when microvascular
endothelium is overwhelmed by oxidants produced
by reperfusion. It is noteworthy, however, that protein
synthesis-dependent P-selectin expression can occur
within hours of exposure to appropriate stimuli, thereby
providing another route for prolonged expression of this
adhesive ligand.

E-selectin is not constitutively present on endothelium,
but its expression, which requires new protein synthesis
and reaches a maximum within 4 hours of stimulation, is
induced by cytokines and by lipopolysaccharides.91,100,101

The absence of E-selectin on unstimulated endothelium
and the time course for its induced expression on activated
endothelium suggests that it may target circulating PMNs
to ischemic sites at later stages of reperfusion.93

ICAM-1 and VCAM-1 are also constitutively present on
endothelium, but their expression can be upreguated in
a protein synthesis-dependent manner, with maximal
expression occurring within 4 to 8 hours after endothelial
exposure to cytokines.86,102,103 ICAM-1 persists on the cell
surface for up to 24 hours and plays an important role in
firm PMN-endothelial cell adherence.104

Leukocyte adhesion

The strength of adhesive interactions between adhesion
molecules expressed on the surface of leukocytes and
endothelial cells is important in determining whether a
neutrophil adheres to the microvascular endothelium. The
best characterized of the leukocyte adhesion molecules are
L-selectin and the CD11a,b,c/CD18 glycoprotein adherence
complex.

L-selectin is expressed on the surface of unstimulated
neutrophils where it appears to mediate the initial weak
adhesion or rolling of neutrophils along cytokine-activated
endothelium.88,105 This form of neutrophil–endothelium
interaction is fundamentally different from neutrophil
margination as it occurs during inflammatory processes.

An interesting feature of L-selectin expression is the
ability of soluble chemotactic substances (e.g., platelet
activating factor [PAF] and endothelial IL-8) produced
by activated endothelium to cause the rapid shedding
(within minutes) or downregulation of the neutrophil L-
selectin molecule.94,106 Although the physiologic relevance
of this downregulation is unclear, it may facilitate the tran-
sition of subsequent neutrophil-mediated tissue injury,
and it is thought that it may help limit the sequestration of

neutrophils at distant sites where injury has not occurred.
Alternatively, this downregulation may facilitate the tran-
sition of neutrophils from adhesion to tissue extrava-
sation.107 This downregulation of L-selectin, however,
occurs simultaneously with the upregulation of the next
phase of neutrophil adhesion, namely, the CD11a,b,c/CD18
glycoprotein complex.94,106 The CD11a,b,c/CD18 glyco-
protein complex, located on the surface of neutrophils,
has been shown to respond to chemotactic peptides
(e.g., complement factor C5a) and lipid mediators (e.g.,
leukotriene B4 and PAF).86,95,100 These glycoproteins regu-
late neutrophil extravasation, oxidant production, and
degranulation, all of which have been implicated in
neutrophil-mediated tissue dysfunction associated with
ischemia and reperfusion.108–110

Selectins bind to a variety of glycans or mucins that
possess the Sialyl Lewisx moiety, a carbohydrate known to
play a vital role in cell–cell recognition.111,112 For example,
L-selectin binds to a group of mucins on the activated
endothelial cells, including glycosylation-dependent cell
adhesion molecule 1. The ligand for P-selectin, P-selectin
glycoprotein ligand 1 (PSGL-1), which also contains Sialyl
Lewisx, is found on leukocytes and endothelial cells. PSGL-
1, which is expressed constitutively on neutrophils and
monocytes, serves as the dominant ligand for P- and E-
selectin on endothelial cells.113 Engagement of PSGL-1
enhances tether strength and stabilizes neutrophil and
monocyte cell rolling on endothelial cells. In addition,
engagement of PSGL-1 also may regulate gene expression
in monocytes. Inhibition of PSGL-1/selectin interactions
may be an effective tool to attenuate inflammation.

Coordination of leukocyte adhesion and extravasation

Neutrophils are localized to sites of inflammation by a
highly coordinated and dynamic sequence of events in
which each of the known adhesion molecules plays a dis-
tinct role.93 The initial adhesive interaction between neu-
trophils and the endothelium involves upregulation of
adhesion molecules (P-selectin, E-selectin, ICAM-1, and
VCAM-1) on the surface of endothelial cells adjacent to
sites of inflammation. L-selectin, located on the surface of
neutrophils, appears to mediate the initial rolling and
reversible adherence between non-activated neutrophils
and activated endothelium. Weakly bound neutrophils are
then activated by triggering substances (e.g., PAF and IL-8)
produced by the activated endothelium itself, or by other
circulating molecules, including cytokines and comple-
ment.114,115 The CD11a,b,c/CD18 glycoprotein complex
interacts with ICAM-1, strengthening the neutrophil-
endothelium interaction and promoting extravasation.
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Critical to diapedesis is the binding of vascular endothial
(VE)-cadherin or platelet/endothelial cell adhesion mole-
cule (PECAM)-1, both of which are present at the adher-
ence junctions between the endothelial cells and on the
leukocytes (Table 8.2). After neutrophil extravasation,
oxidant production and degranulation occurs, resulting in
tissue damage.

Mechanisms of neutrophil-mediated tissue injury

Activated neutrophils secrete an impressive number of
antibacterial and antiseptic agents that are also cytotoxic to
normal cells and that dissolve connective tissue.116 These
toxins can be conveniently divided into two groups based
on their location with the cell: (1) plasma membrane-
bound nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase; and (2) intracellular granules.

The NADPH oxidase system enables neutrophils to
produce reactive oxygen species. The NADPH oxidase
system utilizes NADPH to generate superoxide anion and
hydrogen peroxide, both of which damage host tissue
but are short-lived and rapidly consumed in other reac-
tions.117,118 The combination of NADPH oxidase-derived
hydrogen peroxide and myeloperoxidase, a constituent of
the neutrophil’s intracellular granule system, however, pro-
duces hypochlorous acid, an oxidizing agent of immense
destructive potential.

Activated neutrophils secrete myeloperoxidase, which
catalyzes the conversion of hydrogen peroxide and chloride
ions to hypochlorous acid. Hypochlorous acid destroys
a wide variety of biological molecules, cellular contents,
and plasma constituents, and also participates in the
production of other chlorinated oxidants, which further
impair the host’s defense mechanisms against granular
proteinases.116

Neutrophil proteinases (e.g., elastase, collagenase, and
gelatinase) are target-specific enzymes that destroy extra-
cellular matrix proteins, leading, in part, to increased vas-
cular permeability. The simultaneous secretion of both
oxidants and granular enzymes produces a synergistic
reaction in which the destructive potential of neutrophils
can be fully expressed. The cumulative effect of the
cascade of cytotoxic reactions associated with neutrophil
activation results in damage to structural, contractile, and
transport proteins, enzymes, and membrane receptors
and causes peroxidation of lipid membranes. As a conse-
quence, normal cellular functions are impaired, mem-
brane fluidity and integrity are lost, and extracellular
matrix structure and repair processes are destroyed.

Neutrophils also may contribute to reperfusion abnor-
malities and tissue damage by occluding capillaries.119,120

Neutrophils are large, stiff cells that when activated after
exposure to hypoxic and acidotic conditions become
larger and stiffer, making it more difficult for these cells
to traverse capillary beds. Ischemia and reperfusion
also reduces capillary diameters by inducing endothe-
lial cell edema and interstitial edema. Such mecha-
nisms create microcirculatory perfusion abnormalities
(also known as no-reflow) that may persist despite restora-
tion of normal blood flow. Both neutropenia and blockade
of neutrophil adhesion molecules prevent the develop-
ment of the no-reflow phenomenon.121 Antibodies against
endothelial cell determinants of neutrophil adhesion also
effectively attenuate postischemic capillary no-reflow.122

Mechanisms of macrophage-mediated tissue injury

Neutrophils, monocytes, and macrophages combine to
make up the mononuclear phagocytic system. This system
includes promonocytes and their precursors in the bone
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Table 8.2. Leukocyte adhesion stages and molecular determinants

Stage of migration Phagocyte molecule Endothelial cell molecule Other

Capture or tethering L-selectin PSGL-1 GlyCAM-1 E- and P-selectin is released by platelets and

P-selectin E-selectin is induced on endothelial

cells by TNF-� and IFN-	

Rolling L-selectin PSGL-1 GlyCAM-1 E- and P-selectin

Activation Increased avidity of L-selectin shedding induced by

integrins chemokines (e.g., IL-8 and MCP-1)

Firm adhesion CD11a/CD18 ICAM-1 and 

CD11b/CD18 ICAM-2

Diapedesis VE-cadherin VE-cadherin 

PECAM-1 PECAM-1



marrow, monocytes in the circulation, and macrophages
in tissues. Monocytes remain in circulation for 1 to 3 days,
whereas macrophages reside in tissues for up to 3
months.123

The mononuclear phagocytic system comprises a cri-
tical aspect of host defense against infection, and like
neutrophils, macrophages play an important role in host
tissue damage in non-infectious diseases, including after
ischemia and reperfusion.124,125 Macrophages secrete an
impressive variety of enzymes, oxidants, cytokines, and
chemotactic substances that are important for killing
microbes, immunoregulation, and modulation of inflam-
mation (Table 8.3).126

Monocytes and macrophages are important sources of
IL-1, which has a potent effect on the inflammatory
response.33 IL-1 attracts neutrophils, lymphocytes, and
monocytes to sites of injury and inflammation and
enhances degranulation and adhesion to endothelium.

The ability of IL-1 to activate and thereby induce endothe-
lium to express adhesion molecules may be a means by
which distant organs are recruited into a whole-body
inflammatory response after cardiac arrest.

TNF-� is another macrophage product responsible for
many of the manifestations of inflammation. It has been
implicated in the organ dysfunction and multiple organ
failure in the setting of sepsis, and has also been associated
with reperfusion injury following cardiac arrest.24

Therapeutic implications and future research

Resuscitation, postresuscitation, hemodynamic
decompensation, multiple organ dysfunction, and
survival

Cardiac arrest creates an immediate no-flow state, which
produces an immediate systemic inflammatory response
syndrome. Therefore, if perfusion is restored, an over-
whelming inflammatory response ensues resulting in
what many refer to as the metabolic phase of resuscita-
tion.3 The postresuscitation syndrome is characterized by
increased levels of inflammatory cytokines, activation of
the clotting cascade, release of potent vasoactive sub-
stances, and activation of leukocytes, all of which con-
tributes to altered intracellular oxygen utilization and
direct inflammatory injury, resulting in hemodynamic
instability, organ dysfunction and failure, and subsequent
death if left untreated.1,2

In light of the intricately coordinated molecular and cel-
lular events that govern ischemia and reperfusion injury
following cardiac arrest, it is not surprising that successful
therapeutic efforts directed at the postresuscitation syn-
drome have been limited.127 Nonetheless, the significant
progress made in the understanding of the molecular and
cellular events governing ischemia and reperfusion offers
great promise for new therapeutic approaches. For
example, ischemia and reperfusion injury following reper-
fusion after cardiac arrest may be significantly attenuated
by inhibition of key inflammatory cytokines (e.g., TNF-�

or IL-1) or by inhibition of leukocyte adhesion. Specific
cytokines may exert anti-inflammatory effects following
reperfusion and consequently offer new therapeutic
avenues for those suffering from ischemia-reperfusion
injury. The ability of some cytokines to exert protective
cellular and tissue effects suggests their possible use as
therapeutic agents in reperfusion injury. Alternatively,
agents that interfere with the production of, or enhance
the removal of, proinflammatory cytokines may provide
other therapeutic avenues for treating such injury. A more
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Table 8.3. Selected products generated by macrophages

Product Function

Enzymes

Plasminogen activators Inflammatory; tissue repair

Collagenases Inflammatory

Elastase Inflammatory

Complement components Antimicrobial; inflammatory

Coagulation factors Tissue repair

Arginase Immunoregulatory

Neutral proteinases Inflammatory; tissue repair

Acid hydrolases Inflammatory

Lysozymes Antimicrobial

Enzyme inhibitors

�2 – macroglobulin Regulation of plasma enzyme 

activities

Plasminogen activator Regulation of plasma enzyme 

inhibitor activities

Cytokines

IL-1 Inflammatory; tissue repair

TNF-� Inflammatory; tissue repair

INF-� and � Antiviral

Reactive oxygen metabolites

Superoxide (O2
–) Microbicidal; inflammatory

Hydrogen peroxide (H2O2) Microbicidal; inflammatory

Hydroxyl radical (OH–) Microbicidal; inflammatory

Arachidonic acid metabolites

Prostaglandin E1 and E2 Inflammatory; 

immunomodulation

Thromboxane A2 Inflammatory; 

immunomodulation

Leukotriene C Inflammatory; 

immunomodulation



broad approach to removing significant inflammatory
mediators has recently been reported using high-volume
hemofiltration during the postresuscitation period.127

One of the most important areas of continued and
expanded research will be to identify major mediators
released on reperfusion that trigger the sequelae of reper-
fusion injury. In particular, identification of the most
upstream or influential mediators and their subsequent
therapeutic attenuation might provide protection, by
halting the amplification of the systemic inflammatory
response, to individuals and their organ systems following
cardiac arrest.78

The site specificity of neutrophil and macrophage adhe-
sion at inflammatory sites implies that widespread expres-
sion of adhesion molecules by the endothelium occurs
during ischemia and reperfusion. Familiarity with media-
tors of endothelial determinants of neutrophil adhesion
suggests additional targets for therapeutic interventions.
For example, immunologic intervention before the induc-
tion of P-selectin expression may prevent local and general-
ized organ system dysfunction, whereas later intervention
may inhibit the continuous neutrophil recruitment and
exacerbation of tissue injury.

Interference with substances released by activated
endothelium may provide yet another opportunity to
interrupt the cycle of neutrophil activation, adherence,
migration, and subsequent tissue injury. In addition, inac-
tivation, by using soluble receptors or antibodies, of sys-
temic molecules (e.g., TNF-� or IL-1) may offer an
opportunity to prevent the activation of endothelium or
leukocytes, or may attenuate the direct effects of such
molecules on organ systems, namely, the direct myocardial
dysfunction induced by TNF-�.

A growing body of evidence indicates that the inflamma-
tory sequelae to ischemia and reperfusion can be pre-
vented by antecedent exposure to adenosine, nitric oxide,
ethanol or short bouts of ischemia. Understanding the
mechanisms whereby these preconditioning interventions
induce the development of a preconditioned state,
wherein the endothelium undergoes an adaptive transfor-
mation to an anti-inflammatory phenotype, may allow for
prophylactic treatment of individuals at risk for cardiovas-
cular disease.128,129

Conclusions

Although the overall survival rate of out-of-hospital
cardiac arrest has remained low and relatively constant
over the past four decades, understanding the molecular
and cellular events of ischemia and reperfusion has

increased substantially, and may, at some point in the
future, have an impact on how clinicians treat patients
following cardiac arrest. Translation of basic sciences
research to clinical research will be the important next
steps in determining how to invoke therapies that may
improve resuscitation and survival rates for victims of
cardiac arrest.

REFERENCES

1. Adrie, C., Laurent, I., Monchi, M. et al. Postresuscitation

disease after cardiac arrest: a sepsis-like syndrome? Curr.

Opin. Crit. Care 2004; 10: 208–212.

2. Adrie, C., Adib-Conquy, M., Laurent, I. et al. Successful car-

diopulmonary resuscitation after cardiac arrest as a “sepsis-

like” syndrome. Circulation 2002; 106: 562–568.

3. Weisfeldt, M.L., & Becker, L.B. Resuscitation after cardiac

arrest: a 3-phase time-sensitive model. J. Am. Med. Assoc.

2002; 288: 3035–3038.

4. Ito, T., Saitoh, D., Fukuzuka, K. et al. Significance of elevated

serum interleukin-8 in patients resuscitated after cardiopul-

monary arrest. Resuscitation 2001; 51: 47–53.

5. Gando, S., Nanzaki, S., Morimoto, Y. et al. Tissue factor and

tissue factor pathway inhibitor levels during and after car-

diopulmonary resuscitation.

6. Bottiger, B.W., Motsch, J., Braun, V. et al. Marked activation of

complement and leukocytes and an increase in the concen-

trations of soluble endothelial adhesion molecules during

cardiopulmonary resuscitation and early reperfusion after

cardiac arrest in humans. Crit. Care Med. 2001; 30:

2473–2480.

7. DeBehnke, D.J., & Benson, L. Effects of endothelin-1 on resus-

citation rate during cardiac arrest. Resuscitation 2000; 47:

185–189.

8. Gando, S., Nanzaki, S., Morimoto, Y. et al. Out-of-hospital

cardiac arrest increases soluble vascular endothelin adhesion

molecules and neutrophil elastase associated with endothe-

lial injury. Intens. Care Med. 2000; 26: 38–44.

9. Shyu, K.G., Chang, H., Lin, C.C. et al. Concentrations of serum

interleukin-8 after successful cardiopulmonary resuscitation

in patients with cardiopulmonary arrest. Am. Heart J. 1997;

134: 551–556.

10. Gando, S., Nanzaki, S., Morimoto, Y. et al. Alterations of

soluble L- and P-selectins during cardiac arrest and CPR.

Intens. Care Med. 1999; 25: 588–593.

11. Geppert, A., Zorn, G., Karth, G.D. et al. Soluble selectins and

the systemic inflammatory response syndrome after success-

ful cardiopulmonary resuscitation. Crit. Care Med. 2000; 28:

2360–2365.

12. Oppert, M., Gleiter, C.H., Muller, C. et al. Kinetics and char-

acteristics of an acute phase response following cardiac

arrest. Intens. Care Med. 1999; 25: 1386–1394.

13. Bone, R.C. Toward a theory regarding the pathogenesis of the

systemic inflammatory response syndrome: what we do and

172 J.S. Haukoos et al



do not know about cytokine regulation. Crit. Care Med. 1996;

24: 163–172.

14. Davies, M.G., & Haagen, P.O. Systemic inflammatory

response syndrome. Br. J. Surg. 1997; 84: 920–935.

15. Kim, P.K., & Deutschman, C.S. Inflammatory responses and

mediators. Surg. Clin. N. Am. 2000; 80: 885–894.

16. Nystrom, P.O. The systemic inflammatory response syn-

drome: definitions and aetiology. J. Antimicrob. Chemo. 1998;

41: A1–A7.

17. Nathan, C., & Sporn, M. Cytokines in context. J. Cell Biol.

1991; 113: 981–986.

18. Cairns, C.B., Panacek, E.A., Harken, A.H. et al. Bench to

bedside: tumor necrosis factor-alpha: from inflammation to

resuscitation. Acad. Emerg. Med. 2000; 7: 930–941.

19. Krishnadasan, B., Naidu, B.V., Byrne, K. et al. The role of

proinflammatory cytokines in lung ischemia-reperfusion

injury. J. Thorac. Cardiovasc. Surg. 2003; 125: 261–272.

20. Welborn, M.B., Moldawer, L.L., Seeger, J.M. et al. Role

of endogenous interleukin-10 in local and distant organ

injury after visceral ischemia-reperfusion. Shock 2003; 20:

35–40.

21. Welborn, M.B., Douglass, W.B., Abouhamze, Z. et al. Visceral

ischemia-reperfusion injury promotes tumor necrosis factor

(TNF) and interleukin-1 (IL-1) dependent organ injury in the

mouse. Shock 1996; 6: 171–176.

22. Gaines, G.C., Welborn, M.B., Moldawer, L.L. et al. Attenuation

of skeletal muscle ischemia/reperfusion injury by inhibition

of tumor necrosis factor. J. Vasc. Surg. 1999; 29: 370–376.

23. Carswell, E.A., Old, L.J., Kassel, F.L. et al. An endotoxin-

induced serum factor that causes necrosis of tumors. Proc.

Natl. Acad. Sci. USA 1975; 72: 3666–3671.

24. Strieter, R.M., Kunkel, S.L., & Bone, R.C. Role of tumor necro-

sis factor-alpha in disease states and inflammation. Crit. Care

Med. 1993; 21: S447–S463.

25. Kalra, D.K., Zhu, X., Ramchandani, M.K. et al. Increased

myocardial gene expression of tumor necrosis factor-alpha

and nitric oxide synthase-2: a potential mechanism for

depressed myocardial function in hibernating myocardium

in humans. Circulation 2002; 105: 1537–1540.

26. Smith, R.A., & Baglioni, C. The active form of tumor necrosis

factor is a trimer. J. Biol. Chem. 1987; 262: 6951–6954.

27. Beutler, B.A., Milsark, I.W., & Cerami, A. Cachectin/tumor

necrosis factor: production, distribution, and metabolic fate

in vivo. J. Immunol. 1985; 135: 3972–3977.

28. Waage, A. Production and clearance of tumor necrosis factor

in rats exposed to endotoxin and dexamethasone. Clin.

Immunol. Immunopathol. 1987; 45: 348–355.

29. Pfizenmaier, K., Himmler, A., Schutze, S. et al. TNF receptors

and TNF signal transduction. In: Beutler, B. (ed). Tumor

necrosis factors: the molecules and their emerging role in

medicine. New York, Raven Press 1993: 439–472.

30. Colletti, L.M., Remick, D.G., Burtch, G.D. et al. Role of tumor

necrosis factor-alpha in the pathophysiologic alterations

after hepatic ischemia/reperfusion injury in the rat. J. Clin.

Invest. 1990; 85: 1936–1943.

31. Atkins, E. Pathogenesis of fever. Physiol. Rev. 1960; 40:

580–646.

32. Dinarello, C.A., Renfer, L., & Wolff, S.M. Human leukocytic

pyrogen: purification and development of a radioimmunoas-

say. Proc. Natl. Acad. Sci. USA 1977; 74: 4624–4627.

33. Dinarello, C.A. Interleukin-1 and interleukin-1 antagonism.

Blood 1991; 77: 1627–1652.

34. Cannon, J.G., Tompkins, R.G., Gelfand, J.A. et al. Circulating

interleukin-1 and tumor necrosis factor in septic shock

and experimental endotoxin fever. J. Inf. Dis. 1990; 161:

79–84.

35. Michie, H.R., Manogue, K.R., Spriggs, D.R. et al. Detection of

circulating tumor necrosis factor after endotoxin administra-

tion. N. Engl. J. Med. 1988; 318: 1481–1486.

36. Jones, S.A., Richards, P.J., Scheller, J. et al. IL-6 transsignaling:

the in vivo consequences. J. Interferon Cytokine Res. 2005; 25:

241–253.

37. Tan, J., Town, T., Mori, T. et al. CD40 is expressed and func-

tional on neuronal cells. EMBO J. 2002; 21: 643–652.

38. Mach, F., Schonbeck, U., & Libby, P. CD40 signaling in vascu-

lar cells: a key role in atherosclerosis? Atherosclerosis 1998;

137: S89–S95.

39. Ishikawa, M., Vowinkel, T., Stokes, K.Y. et al. CD40/CD40

ligand signaling in mouse cerebral microvasculature after

focal ischemia/reperfusion. Stroke 2005; 111: 1690–1696.

40. Phipps, R.P., Loumas, L., Leung, E. et al. The CD40–CD40

ligand system: a potential therapeutic target in atherosclero-

sis. Curr. Opin. Investig. Drugs 2001; 2: 773–777.

41. Monaco, C., Andreakos, E., Young, S. et al. Cell mediated sig-

naling to vascular endothelium: induction of cytokines,

chemokines, and tissue factor. J. Leukoc. Biol. 2002; 71:

659–668.

42. Henn, V., Slupsky, J.R., Grafe, M. et al. CD40 ligand on acti-

vated platelets triggers an inflammatory reaction of endothe-

lial cells. Nature 1998; 391: 591–594.

43. Iwama, H., Tohma, J., & Nakamura, N. High serum soluble

Fas-ligand in cardiopulmonary arrest patients. Am. J. Emerg.

Med. 2000; 18: 348.

44. Papathanassoglou, E.D., Moynihan, J.A., Vermillion, D.L. et al.

Soluble fat levels correlate with multiple organ dysfunction

severity, survival and nitrate levels, but not with cellular

apoptotic markers in critically ill patients. Shock 2000; 14:

107–112.

45. Krismer, A.C., Linder, K.H., Wenzel, V. et al. Inhibition of nitric

oxide improves coronary perfusion pressure and return of

spontaneous circulation in a porcine cardiopulmonary

resuscitation model. Crit. Care Med. 2001; 29: 482–486.

46. Clark, C.B., Zhang, Y., Martin, S.M. et al. The nitric oxide syn-

thase inhibitor N(G)-nitro-L-arginine decreases defibrillation-

induced free radical generation. Resuscitation 2004; 60:

351–357.

47. Zhang, Y., Boddicker, K.A., Rhee, B.J. et al. Effect of nitric oxide

synthase modulation on resuscitation success in a swine

ventricular fibrillation cardiac arrest model. Resuscitation

2005;[electronic publication ahead of print version].

Inflammatory and immunologic responses 173



48. Nagase, H., & Woessner, J.F. Matrix metalloproteinases. J. Biol.

Chem. 1999; 274: 21491–21494.

49. Spiegel, S., Foster, D., & Kolesnick, R. Signal transduction

through lipid second messengers. Curr. Opin. Cell. Biol. 1996;

8: 159–167.

50. Malik, N., Greenfield, B.W., Wahl, A.F. et al. Activation of

human monocytes through CD40 induces matrix metallo-

proteinases. J. Immunol. 1996; 156: 3952–3960.

51. Klawitter, P.F., & Gregory, M. Inhibition of matrix metallopro-

teinases during ischemia and reperfusion in the perfused rat

heart attenuates infarction size. Acad. Emerg. Med. 2005;

12: S154–S155.

52. Griffin, J.D., Sperrini, O., Ernst, T.J. et al. Granulocyte-

macrophage colony-stimulating factor and other cytokines

regulate surface expression of the leukocyte adhesion mole-

cule-J on human neutrophils, monocytes, and their precur-

sors. J. Immunol. 1990; 145: S76–S84.

53. Lo, S.K., Detmers, P.A., Levin, S.M. et al. Transient adhesion of

neutrophils to endothelium. J. Exp. Med. 1989; 169: 1779–1794.

54. Bevilaqua, M.P., Strengelin, S., Gimbrone, M.A. et al.

Endothelial leukocyte adhesion molecule 1: an inducible

receptor for neutrophils related to complement regulatory

proteins and lectins. Science 1989; 243: 1160–1165.

55. Smith, C.W., Entman, M.L., Lane, C.L. et al. Adherence of neu-

trophils to canine cardiac myocytes in vitro is dependent on

intercellular adhesion molecule-1. J. Clin. Invest. 1991; 88:

1216–1223.

56. Frangogiannis, N.G., Youker, K.A., Rossen, R.D. et al.

Cytokines and the microcirculation in ischemia and reperfu-

sion. J. Mol. Cell. Cardiol. 1998; 30: 2567–2576.

57. Colletti, L.M., Cortis, A., Lukacs, N. et al. Tumor necrosis

factor up-regulates intercellular adhesion molecule 1, which

is important in the neutrophil-dependent lung and liver

injury associated with hepatic ischemia and reperfusion in

the rat. Shock 1998; 10: 182–191.

58. Lefer, A.M., & Aoki, N. Leukocyte-dependent and leukocyte-

independent mechanisms of impairment of endothelium-

mediated vasodilation. Blood Vessels 1990; 27: 162–168.

59. Snell, R.J., & Parrillo, J.E. Cardiovascular dysfunction in septic

shock. Chest 1991; 99: 1000–1009.

60. Ellrodt, A.G., Riedinger, M.S., Kimchi, A. et al. Left ventricular

performance in septic shock: reversible segmental and global

abnormalities. Am. Heart J. 1985; 110: 402–409.

61. Parker, M.M., Shelhammer, J.H., Backarach, S.L. et al.

Profound but reversible myocardial depression in patients

with septic shock. Ann. Intern. Med. 1984; 100: 483–490.

62. Parker, M.M., McCarthy, K.E., Ognibene, F.P. et al. Right ven-

tricular dysfunction and dilation, similar to left ventricular

changes, characterize the cardiac depression in septic shock

in humans. Chest 1990; 97: 126–131.

63. Schulz, R., Panas, D.L., Catena, R. et al. The role of nitric oxide

in cardiac depression induced by interleukin-1� and tumor

necrosis factor-�. Br. J. Pharmacol. 1995; 114: 27–34.

64. Meldrum, D.R. Tumor necrosis factor in the heart. Am. J.

Physiol. 1998; 274: R577–R595.

65. Murray, D.R., & Freeman, G.L. Tumor necrosis factor-�

induces a biphasic effect on myocardial contractility in con-

scious dogs. Circ. Res. 1996; 78: 154–160.

66. Oral, H., Dorn, G.W., & Mann, D.L. Sphingosine mediates the

immediate negative inotropic effects of tumor necrosis

factor-� in the adult mammalian cardiac myocyte. J. Biol.

Chem. 1997; 272: 4836–4842.

67. Yokoyama, T., Vaca, L., Rossen, R.D. et al. Cellular basis for the

negative inotropic effects of tumor necrosis factor-� in the

adult mammalian heart. J. Clin. Invest. 1993; 92: 2303–2312.

68. Goldhaber, J.L., Kim, K.H., Natterson, P.D. et al. Effects of TNF-

� on [Ca2�]i and contractility in isolated adult rabbit ventricu-

lar myocytes. Am. J. Physiol. 1996; 271: H1449–H1455.

69. Sugishita, K., Kinugawa, K., Shimizu, T. et al. Cellular basis

for the acute inhibitory effects of IL-6 and TNF-� on excita-

tion-contraction coupling. J. Mol. Cell. Cardiol. 1999; 31:

1457–1467.

70. Ferdinandy, P., Danial, H., Ambrus, I. et al. Peroxynitrite is a

major contributor to cytokine-induced myocardial contrac-

tile failure. Circ. Res. 2000; 87: 241–247.

71. Finkel, M.S., Oddis, C.V., Jacob, T.D. et al. Negative inotropic

effects of cytokines on the heart mediated by nitric oxide.

Science 1992; 257: 387–389.

72. Bucher, M., Kees, F., Taeger, K. et al. Cytokines down-regulate

�1-adrenergic receptor expression during endotoxemia. Crit.

Care Med. 2003; 31: 566–571.

73. Gulick, T., Chung, M.K., Pieper, S.J. et al. Interleukin 1 and

tumor necrosis factor inhibit cardiac myocyte �-adrenergic

responsiveness. Proc. Natl Acad. Sci. USA 1989; 86: 6753–6757.

74. Kumar, A., Kosuri, R., Kandula, P. et al. Effects of epinephrine

and amrinone on contractility and cyclic adenosine

monophosphate generation of tumor necrosis factor-�-

exposed cardiac myocytes. Crit. Care Med. 1999; 27: 286–292.

75. Krown, K.A., Page, M.T., Nguyen, C. et al. Tumor necrosis

factor alpha-induced apoptosis in cardiac myocytes: involve-

ment of the sphingolipid signaling cascade in cardiac cell

death. J. Clin. Invest. 1996; 98: 2854–2865.

76. Cheng, X.S., Shimokawa, H., Momii, H. et al. Role of superox-

ide anion in the pathogenesis of cytokine-induced myocardial

dysfunction in dogs in vivo. Cardio. Res. 1999; 42: 651–659.

77. Bkaily, G., & D’orleans-Juste, P. Cytokine-induced free radi-

cals and their roles in myocardial dysfunction. Cardio. Res.

1999; 42: 576–577.

78. Niemann, J.T., Garner, D., & Lewis, R.J. Tumor necrosis factor-

alpha is associated with early postresuscitation myocardial

dysfunction. Crit. Care Med. 2004; 32: 1753–1758.

79. Lefer, A.M., Johnson, G., Ma, X.L. et al. Cardioprotective and

endothelial protective effects of [Ala-IL8]77 in a rabbit model

of myocardial ischemia and reperfusion. Br. J. Pharmacol.

1991; 103: 1153–1159.

80. Grimbose, M.A., Obin, M.S., Brock, A.F. et al. Endothelial

interleukin-8: a normal inhibitor of leukocyte-endothelial

interactions. Science 1989; 246: 1601–1603.

81. Lefer, A.M., & Ma, X.L. Cytokines and growth factors in

endothelial dysfunction. Crit. Care Med. 1993; 21: S9–S14.

174 J.S. Haukoos et al



82. Aoki, N., Siegfried, M., & Lefer, A.M. Anti-EDRF effect of

tumor necrosis factor in isolated, perfused cat carotid arter-

ies. Am. J. Physiol. 1989; 256: H1509–H1512.

83. Lefer, A.M., Tsao, P.S., Aoki, N. et al. Mediation of cardiopro-

tection by transforming growth factor-beta. Science 1990;

249: 61–64.

84. Lui, H., & Pope, R.M. Phagocytes: mechanisms of inflamma-

tion and tissue destruction. Rheum. Dis. Clin. N. Am. 2004; 30:

19–39.

85. Granger, D.N. Role of xanthine oxidase and granulocytes in

ischemia-reperfusion injury. Am. J. Physiol. 1988; 255:

H1269–H1275.

86. Korthuis, R.J., & Granger, D.N. Pathogenesis of

ischemia/reperfusion: role of neutrophil-endothelial cell

adhesion. In Born, G.V.R., Guatrecasas, P., Herken, H., &

Schwartz, A., eds. Handbook of Experimental Pharmacology.

Berlin: Springer-Verlag, 1993.

87. Catalina, M.D., Estess, P., & Siegelman, M.H. Selective

requirements for leukocyte adhesion molecules in models of

acute and chronic cutaneous inflammation: participation of

E- and P-but not L-selectins. Blood 1999; 93: 580–589.

88. Albelda, S.M., Smith, C.W., & Ward, P.A. Adhesion molecules

and inflammatory injury. FASEB J. 1994; 8: 504–512.

89. Bevilacqua, M.P. Endothelial-leukocyte adhesion molecules.

Annu. Rev. Immunol. 1993; 11: 767–804.

90. Lorenzon, P., Vecile, E., Nardon, E. et al. Endothelial cell E-

and P-selectin and vascular cell adhesion molecule-1 func-

tion as signaling receptors. J. Cell. Biol. 1998; 142: 1381–1391.

91. McEver, R.P. Selectins: novel adhesion receptors that mediate

leukocyte adhesion during inflammation. Thromb.

Haematol. 1991; 65: 223–229.

92. Smith, C.W. Molecular determinants of neutrophil-endo-

thelial cell adherence reactions. Am. J. Respir. Cell. Molec. Biol.

1990; 2: 223–229.

93. Kishimoto, T.K. A dynamic model for neutrophil localization

to inflammatory sites. J. NIH Res. 1991; 3: 75–77.

94. Kishimoto, T.K., Jutila, M.A., Berg, E.L. et al. Neutrophil Mac-

1 and MEL-14 adhesion proteins are inversely regulated by

chemotactic factors. Science 1989; 245: 1238–1241.

95. Tonnesen, M.G. Neutrophil-endothelial cell interactions:

mechanisms of neutrophil adherence to vascular endothe-

lium. J. Invest. Dermatol. 1989; 93: S53–S58.

96. Lorant, D.E., Patel, K.D., McIntyre, T.M. et al. Coexpression of

GMP-140 and PAF by endothelium stimulated by histamine

or thrombin: a juxtacrine system for adhesion and activation

of neutrophils. J. Cell. Biol. 1991; 115: 223–234.

97. Lorant, D.E., Topham, M.K., Whatley, R.E. et al. Inflammatory

roles of P-selectin. J. Clin. Invest. 1993; 92: 559–570.

98. Patel, K.D., Zimmerman, G.A., Prescott, S.M. et al. Oxygen

radicals induce human endothelial cells to express GMP-140

and bind neutrophils. J. Cell. Biol. 1991; 112: 749–759.

99. Lorant, D.E., McEver, R.P., McIntyre, T.M. et al. Activation of

polymorphonuclear leukocytes reduces their adhesion to

P-selectin and causes redistribution of ligands for P-selectin

on their surfaces. J. Clin. Invest. 1995; 96: 171–182.

100. Bevilacqua, M.P., Strengelin, S., Gimbrone, M.A., et al.

Endothelial leukocyte adhesion molecule 1: an inducible

receptor for neutrophils related to complement regulatory

proteins and lectins. Science 1989; 243: 1160–1165.

101. Bevilacqua, M.P., Corless, C., & Lo, S.K. Endothelial-leukocyte

adhesion molecule 1 (ELAM-1): a vascular selectin that regu-

lates inflammation. In Cochrane, C.G., Gimbrone, M.G., eds.

Cellular and Molecular Mechanisms of Inflammation.

Vascular Adhesion Molecules. San Diego: Academic Press,

1991; 2: 1–14.

102. Granger, D.N., Russell, J.M., Arfors, K.E. et al. Role of CD18

and ICAM-1 in ischemia/reperfusion-induced leukocyte

adherence and emigration in mesenteric venules. FASEB J.

1991; 5: A1753.

103. Elices, M.J., Osborn, L., Takada, Y. et al. VCAM-1 on activated

endothelium interacts with the leukocyte integrin VLA-4 at a

site distinct from the VLA-4/fibronectin binding site. Cell

1990; 60: 577–584.

104. Springer, T. Adhesion receptors of the immune system.

Nature 1990; 346: 425–434.

105. Alon, R., Chen, S., Puri, K.D. et al. The kinetics of L-selectin

tethers and the mechanics of selectin-mediated rolling.

J. Cell. Biol. 1997; 138: 1169–1180.

106. Smith, C.W., Kishimoto, T.K., Abbass, O. et al. Chemotactic

factors regulate lectin adhesion molecule 1 (LE CAM 1)-

dependent neutrophil adhesion to cytokine-stimulated

endothelial cells in vitro. J. Clin. Invest. 1991; 87: 609–618.

107. Kishimoto, T.K., Larsen, R.S., Corbi, A.L. et al. Antibodies

against human neutrophil LECAM-1 (DREG56/LAM-1/Leu-8

antigen) and endothelial cell ELAM-1 inhibit a common CD-

18-independent adhesion pathway in vitro. Blood 1990; 78:

805–811.

108. Duilio, C., Ambrosio, G., Kuppusamy, P. et al. Neutrophils are

primary source of oxygen radicals during reperfusion after

prolonged myocardial ischemia. Am. J. Physiol. Heart Circ.

Physiol. 2001; 280: H2649–H2657.

109. Hansen, P.R. Role of neutrophils in myocardial ischemia and

reperfusion. Circulation 1995; 91: 1872–1885.

110. Jordan, J.E., Zhao, Z.Q., & Vinten-Johansen, J. The role of

neutrophils in myocardial ischemia-reperfusion injury.

Cardiovasc. Res. 1989; 43: 860–878.

111. Beauharnois, M.E., Lindquist, K.C., Marathe, D. et al. Affinity

and kinetics of sialyl Lewis-X and core-2 based oligosaccha-

rides binding to L- and P-selectin. Biochemistry 2005; 44:

9507–9519.

112. Walcheck, B., Leppanen, A., Cummings, R.D. et al. The mon-

oclonal antibody CHO-131 binds to a core 2 O-glycan termi-

nated with sialyl-Lewis, x., which is a functional glycan ligand

for P-selectin. Blood 2002; 99: 4063–4069.

113. Hirose, M., Kawashima, H., & Miyasaka, M. A functional

epitope on P-selectin that supports binding of P-selectin to

P-selectin glycoprotein ligand-1 but not to sialyl Lewis X

oligosaccharides. Int. Immunol. 1998; 10: 639–649.

114. Wahle, M., Greulich, T., Baerwald, C.G. et al. Influence of

catecholamines on cytokine production and expression

Inflammatory and immunologic responses 175



ICAM-1 dependent adherence reactions: role in the genesis

of postischemic no-reflow. Am. J. Physiol. 1994; 266:

H1316–H1321.

123. Johnston, R.B. Monocytes and macrophages. N. Engl. J. Med.

1988; 318: 747–751.

124. Formigli, L., Manneschi, L.I., Nediani, C. et al. Are

macrophages involved in early myocardial reperfusion

injury? Ann. Thorac. Surg. 2001; 71: 1596–1602.

125. Fiser, S.M., Tribble, C.G., Long, S.M. et al. Pulmonary

macrophages are involved in reperfusion injury after lung

transplant. Ann. Thorac. Surg. 2001; 71: 1134–1138.

126. Takemura, R., & Werb, Z. Secretory products of macrophages

and their physiological functions. Am. J. Physiol. 1984; 246:

C1–C9.

127. Laurent, I., Adrie, C., Vinsonneau, C. et al. High-volume

hemofiltration after out-of-hospital cardiac arrest: a random-

ized study. J. Am. Coll. Cardiol. 2005; 46: 432–437.

128. Dayton, C., Yamaguchi, T., Warren, A. et al. Ischemic precon-

ditioning prevents postischemic arteriolar, capillary and

postcapillary venular dysfunction: signaling pathways medi-

ating the adaptive metamorphosis to a protected phenotype

in preconditioned endothelium. Microcirculation 2002; 9:

73–89.

129. Korthuis, R.J., Yamaguchi, T., Dayton, C.B. et al. Ethanol

induces the development of an anti-inflammatory pheno-

type. Pathophysiology 2004; 10: 131–139.

176 J.S. Haukoos et al

of adhesion molecules of human neutrophils in vitro.

Immunobiology 2005; 210: 43–52.

115. Shandelya, S.M., Kuppusamy, P., Weisfeldt, M.L. et al.

Evaluation of the role of polymorphonuclear leukocytes on

contractile function in myocardial reperfusion injury.

Evidence for plasma-mediated leukocyte activation.

Circulation 1993; 87: 536–546.

116. Weiss, S.J. Tissue destruction by neutrophils. N. Engl. J. Med.

1989; 320: 365–376.

117. Decoursey, T.E., & Ligeti, E. Regulation and termination of

NADPH oxidase activity. Cell. Mol. Life Sci. 2005;[electronic

publication ahead of print].

118. Halliwell, B., & Gutteridge, J.M.C. Free Radicals in Biology and

Medicine. Oxford, UK: Clarendon Press, 1989.

119. Ritter, L.S., & McDonagh, P.F. Low-flow reperfusion after

myocardial ischemia enhances leukocyte accumulation

in coronary microcirculation. Am. J. Physiol. 1997; 273:

H1154–H1165.

120. Engler, R.L., Schmid-Schonbein, G.W., & Pavelec, R.S.

Leukocyte capillary plugging in myocardial ischemia and

reperfusion in dogs. Am. J. Pathol. 1983; 111: 98–111.

121. Jerome, S.N., Smith, C.W., & Korthuis, R.J. CD18-dependent

adherence reactions play an important role in the develop-

ment of the no-reflow phenomenon. Am. J. Physiol. 1992; 263:

H1637–H1642.

122. Jerome, S.N., Dore, M., Paulson, J.C. et al. P-selectin and



Resuscitation research





Up to 1000 cardiac arrests occur every day in the United
States alone.1 The ultimate goal of cardiopulmonary resus-
citation (CPR) research is to find ways of improving the sur-
vival and post-resuscitation quality of life of the cardiac
arrest victim. New CPR techniques may improve survival
by various mechanisms, but development of new tech-
niques must be based on a comprehensive understanding
of the process of CPR to ensure that the results have a
sound basis. Many CPR studies are devoted to understand-
ing the physiologic mechanisms taking place in the patient
during CPR and the relationship among the physiologic
mechanisms, the technique of resuscitation, and the
actions performed by the rescuer.

The sequence of major events during cardiac arrest is
shown in Fig. 9.1. Both the actions by the rescuer and the
underlying physiology play important roles in the even-
tual outcome of the resuscitation effort. The patient’s
status during each intervention can be characterized by
hemodynamic, neurologic, biochemical, electrophysio-
logic, and mechanical properties. Some of these proper-
ties, such as blood pressure or arterial blood gases, can be
measured (quantified) under experimental and clinical
conditions. Often, clinicians or researchers utilize qualita-
tive properties, such as the size of the pupils or the pulse
pressure, that are more easily evaluated but are less likely
to provide accurate information. It is unfortunate that
many important properties that directly influence the
outcome, such as the force of compression and sternal dis-
placement, often are not measured at all, even in animal
studies. Measurements during CPR studies are difficult,
especially in humans. Even in animal studies, blood flow,
pleural pressure, compression force, and other physio-
logic determinants of flow are difficult to measure.

Measurement of blood flow, for example, requires surgical
manipulation of the neck or chest to implant flow probes,
which can significantly alter the underlying physiology,
making the results potentially suspect. Placement of the
transducer for measurement of compression force may
interfere with mechanics of delivery of force during CPR.
Significant limitations are placed on CPR studies by the
necessity of minimizing the downtime and the short time
of the CPR procedure itself. In humans, there are serious
limitations because cardiac arrest is not a planned event,
and it often occurs in places and at times of the day incon-
venient for collecting data. In addition, ethical and patient
safety considerations, as well as government regulations,
limit the extent of measurements that can be made during
CPR.

This chapter examines the methodology of measure-
ments and evaluation of measurement errors. Issues perti-
nent to the specific conditions of measurements during
CPR studies will also be discussed. To avoid obscuring the
main concepts in complex mathematic equations, we have
chosen to use only simple mathematic equations. Table 9.1
lists many of the measurements performed during clinical
CPR, human research, or animal research. As representa-
tive examples, measurements of compression force, vascu-
lar pressures, and blood flow are addressed in detail.

Basics of theory of measurements

Definition of measurement and units of measurement

Measurement of “some property of a thing is an operation
that yields as an end result a number that indicates how
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much of the property the thing has”.2 In physics and
engineering the measurements are performed on physical
properties that can be expressed as multiples of some unit
quantities. For example, blood pressure can be measured
as a number of millimeters of mercury (mm Hg) or thou-
sands of pascals (kPa). In clinical research, measurements
are also used for such attributes as gender and mortality, as
well as for such abstract constructs as coma score3 or
quality of life. This chapter addresses only measurement of
physical properties.

Measurements require a system of measuring units. The
current international standard is the modern metric
system termed the International System of Units (SI from its
French name – Système International d’Unités). It is based
on seven base units (Table 9.2)4,5 and two supplementary
units (Table 9.2) that are defined. Units for other physical
properties are derived from the combination of basic, sup-
plementary, and other derived units (Table 9.3 contains the
most commonly used derived units). To extend the units,
SI uses decimal multipliers denoted by prefixes (Table 9.4).
In United States medical practice, the SI units are used for
most measurements, but some old units, such as mm Hg
for pressure, still prevail.

True value, errors of measurement and accuracy

In any measuring process, the true value of the property
of interest is sought. The discrepancy between the result
of measurement (x) and the true value (�) is the error of
measurement:2

��x�� (9.1)

The error, or closeness of the measured value to the true
value, determines the accuracy of the measurement.

The “real” true value is unknown and unknowable2 since
all measurements contain some errors. The value meas-
ured by a method accepted by experts as exemplary for the
measured property is accepted as the true value.2,6 For
example, in calibrating a measuring instrument, the values
measured by the standard instrument are accepted as true
values for the tested unit.

Figure 9.2 shows inputs acting on a subject and meas-
urement arrangements. The objects of measurements may
be the properties of the treatment or environmental inputs
to the subject, the treatment outputs, and/or the subject’s
physiologic properties. Sources of the measurement errors
are (a) the variability of the property measured, (b) the
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interaction of the sensor and subject, and (c) the measur-
ing instrument. One example of the sensor–subject inter-
action might be measurement of pleural pressure by a
fluid-filled catheter. The thickness of the pleural space is 10
to 50 �m, whereas any catheter inserted into the pleural
space has a diameter that is on the order of millimeters.
Therefore the catheter distorts the pleural space drasti-
cally. In addition, propagation of the pressure from the
limited volume of the pleural liquid in the pleural space to
the liquid in the catheter is questionable. The error intro-
duced by the measuring instrument depends on such
factors as the quality and characteristics of the measuring
instrument used the performance of the measuring tech-
nique by the operator, and the conditions under which the
measurement is made.
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Table 9.1. Measurements performed during clinical and research CPRa

Clinical Human research Animal research 

Properties CPR CPR CPR

Mechanical properties

Sternal compression force M Y Y

Sternal displacement N Y Y

Abdominal movement N M M

Blood pressures

Heart chamber pressures M Y Y

Aortic pressure Y Y Y

Central venous pressure M Y Y

Peripheral arterial pressure Y Y Y

Peripheral venous pressure Y Y Y

Blood flow

Aorta blood flow by flow meter N N Y

Peripheral artery blood flow N N Y

Coronary blood flow N N Y

Average organ perfusion flow (microspheres) N N Y

Cardiac output

By microspheres N N Y

By measuring left ventricular dimensions (ultrasound imaging) N E E

By measuring left ventricular dimensions (ultrasound crystals) N N E

Intracranial pressure M M Y

Pleural pressure N N M

Esophageal pressure Y Y Y

Arterial and venous blood gases

Blood pH Y Y Y

Blood Po2 Y Y Y

Blood Pco2 Y Y Y

Respiratory parameters

Airway pressure M Y Y

Respiratory flow M Y Y

End-respiratory CO2 Y Y Y

a Y, measurement is or can be performed with reasonable ease; M, measurement may be performed but requires special setup; E,

measurement has been performed, but it is error prone; N, measurement cannot be performed.

Table 9.2. International system of units: base and
supplementary units

Parameter Unit Abbreviation

Base units

Length meter m

Mass kilogram kg

Time second s

Electric current ampere A

Thermodynamic temperature Kelvin K

Luminous intensity candela cd

Amount of substance mole mol

Supplementary units

Plane angle radian rad

Solid angle steradian sr 



Depending on the nature of errors, they can be divided
into systematic errors and random errors. A systematic
error, or bias, is the same for all measurements of the same
value by a particular instrument, whereas a random error
may differ for every reading. The errors may be further sub-
divided into static and dynamic errors. The static error
occurs when the measuring signal is constant or changes

slowly in time; the dynamic error occurs when the meas-
ured value changes quickly.

The error expressed in units of measurement (Eq 9.1) is
an absolute error. However, it is often more informative to
report the error as a relative error, that is, as a fraction of the
measured value (reading).

The relative error �r is usually expressed in percents
of reading:

(9.2)

Instrument manufacturers routinely quote the allowable
maximum error, or the uncertainty (see below) of their
instrument as a percentage of the full-scale reading. The
type of error (systematic or random) is usually not speci-
fied. For example, the pressure monitor has the full scale of
300 mm Hg and a quoted uncertainty of �1%; that means
that the error for any measurement will not exceed 3 mm
Hg if the instrument is properly used. It is important to
emphasize that at the upper end of the scale the relative
error of the instrument is close to the full-scale error,
whereas at the lower end, the relative error becomes very
large. Indeed, when the measurement is 30 mm Hg the
error is (3/30)100%, or 10%. A lower, more sensitive scale of
50 mm Hg may have a slightly higher full-scale uncertainty
of 2%; that is, the absolute error is not higher than 1 mm Hg.
Thus measurement of 30 mm Hg pressure on this scale will
have an error of not more than (1/30)100%, or 3.3%. For this
reason, many modern measuring devices, such as pressure
monitors, have switches that allow alternate full-scale
measurements. The scales for extremely low or extremely
high limits may have a slightly higher full-scale uncertainty.

�r � �
�100%
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Table 9.3. International system of units: derived units

Parameter Unit Abbreviation Equivalent

Frequency hertz Hz 1/s

Force newton N kg-m/s2

Pressure pascal Pa N/m2

Work or energy joule J N·m

Power watt W J/s

Electric potential volt V W/A

Electric resistance ohm $$ V/A

Conductance siemens S A/V

Quantity of charge coulomb C A·s

Electric capacitance farad F C/V

Magnetic flux weber Wb V·s

Magnetic flux density tesla T Wb/m2

Inductance henry H Wb/A

Celsius temperature degree ºC K

Table 9.4. International system of units: prefixes

Multiplication factor Prefix Symbol

1018 exa E

1015 peta p

1012 tera T

109 giga G

106 mega M

103 kilo k

102 hecto h

101 deka da

10�1 deci d

10�2 centi c

10�3 milli m

10�6 micro �

10�9 nano n

10�12 pico p

10�15 femto f



Characteristics of measurement instruments and errors
of measurement

Measuring instruments are designed to provide functional
relationships between the value of the input signal and the
output signal displayed by the instrument. The ideal char-
acteristic of an element of the measuring instrument is a
straight line relating the input (xinp) and the output (yout)
variables (Fig. 9.3(a)):

(9.3)

where S is a coefficient. The same characteristic is also
applicable to a measuring instrument in which the input
and output variables have different units. When input and
output units are the same, the ideal characteristic is a line
of identity (S�1). (Fig. 9.3(b)). In an ideal instrument the
output would be exactly equal to the measured value. Any
discrepancy of the result of measurements from the straight
line characteristics is the error of measurements (Fig. 9.3).

The values of properties measured by the instrument are
limited by the minimal value (most often zero value) and
the full-scale value. Most medical instruments have alter-
nate switchable full scales. The transducer and other ele-
ments are limited by the range where their characteristics
are linear. When the input signals change very slowly, the
characteristics of any instrument can be described by its
static characteristics and can be expressed using only
simple algebraic equations. In contrast, the response of the

Yout � S  ·  xinp

instrument and its associated elements to fast-changing
input signals is described by its dynamic characteristics
and can only be represented using differential equations.
For common measuring instruments the final functional
characteristics of the instrument are defined by the super-
imposition of both its static and dynamic characteristics.6

Static characteristics and static errors of measurement

The static characteristic of a unit (an instrument or an
element) describes the reaction of this unit to constant or
slow-changing input signals.6–8 As described above, the
ideal characteristic is a straight line (Eqn 3, Fig. 9.3). The
major parameter of the static characteristics is its sensitiv-
ity. Sensitivity of either the transducer or the measuring
instrument is the slope of the characteristic:

(9.4)

For the instrument with input and output values having
the same units, sensitivity is equal to one. Sensitivity of the
transducer to the primary signal should be many times
larger than the sensitivities to interfering and modifying
signals.

The smallest incremental quantity that can be measured
or can be discriminated is termed resolution. An instru-
ment has high resolution when this discriminated value
is small. For an instrument to have high accuracy and

S �
�yout

�xinp
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precision (the term precision is defined in the section on
random errors), it must have high resolution. Obviously
this condition is necessary but not sufficient, since all
errors of a high-accuracy instrument must be small.

Deviation of the real characteristic of an instrument,
or an element, from a straight line is termed linearity
(a more correct term would be non-linearity) (Fig. 9.4(a)).

In blood pressure transducers, non-linearity is the result
of non-linear deformability of the membrane material
when pressure is applied. If the measured value is first
increased monotonically from zero to a maximum value
and then decreased back to zero, the output signal at some
particular value of the input value may be different
(Fig. 9.4(b)). This difference defines hysteresis of the instru-
ment or the element. In a pressure transducer, hysteresis
is caused by internal friction in the membrane material
during deformation.

Stability and repeatability define how accurately the
device or sensor repeats the output signal when the input
signal is repeated after cycles of input and temperature
changes. Repeatability is a short-term specification; stabil-
ity is a long-term specification.7

The characteristics of elements and the instrument
change (drift) (Fig. 9.4(c)) with temperature. Changes can
be in the slope of characteristics (sensitivity drift) and in
zero offset (zero drift). To limit the changes in the working
range of temperatures, transducers are often temperature
compensated.

Sources of systematic errors are non-linearity, stability,
and changes of characteristic with temperature, whereas
repeatability and hysteresis are the sources of random
error. Non-linearity and temperature changes can be meas-
ured during calibration. If the instrument contains a micro-
processor and a temperature sensor, the characteristics
may be stored in the memory and these systematic errors
may then be compensated for during measurements.
Currently, industry manufactures smart transducers, which
contain microprocessors and provide such compensation.7

Dynamic characteristics

Many properties that are measured during CPR change
rapidly. Examples of such properties are sternal compres-
sion force, blood pressure, and blood flow. The response of
the measuring system to fast-changing input is character-
ized by a dynamic characteristic of the system that can
be represented by differential equations. It is beyond the
scope of this book to give detailed mathematic analysis of
these equations, which are available elsewhere.6,8,9

Many real measurement systems, such as those meas-
uring pressure or force, can be characterized by two
parameters, resonant frequency and damping coeffi-
cient. Resonance occurs when the frequency of energy
impacting on a system is close to the natural frequency
of vibration of this system, resulting in storing of energy
and amplification of oscillations. In damping, the system
dissipates impacting energy, which results in much lower
oscillations. For example, automobile shock absorbers
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are designed to dampen (attenuate) the vibrations of the
car wheels and to provide a smooth ride, even on bumpy
roads. Depending on the combination of the resonant fre-
quency and damping coefficient, the measuring system
may amplify the input signals of frequencies close to res-
onant frequency, and therefore the output magnitude will
be larger than the input magnitude. Quite often, the signal
will be attenuated, with the output magnitude smaller
than the input magnitude.

Periodic signals such as aortic blood pressure can be
represented as a sum of sinusoids.10 In many practical
measuring systems the components of different frequen-
cies are amplified or damped to a different degree. As a
result, the shape of the signal is distorted. In addition,
the pulse pressure swing – the difference between the dias-
tolic and systolic pressure – can be either amplified or
damped. When the measuring system is strongly damped,
the measured pulse pressure oscillations decrease and the
measurement gets closer to showing just mean pressure.
Thus the error of measurements of systolic, diastolic, and
pulse pressure could be very large, whereas the error of the
mean pressure measurement may be small.

To ensure a small dynamic measurement error, the
dynamic characteristic of the measuring system should be
close to ideal in the frequency range of the input signal
components; in technical terms this is defined as a flat
dynamic characteristic in the necessary frequency range. It
is also referred to as a high-fidelity characteristic.

The contribution to limitations of quality of a dynamic
characteristic can come from any element in the measur-
ing arrangement. It can come from subject-instrument
interface, from elements transmitting the signal, from a
transducer, from electronics, or from a combination of
some of the elements. For example, dynamic limitation of
the pleural pressure measurement usually comes from
subject–instrument interaction, whereas limitation of the
aortic blood pressure measurements comes from the fluid-
filled catheter and the fluid-filled transducer dome.

To choose a measuring system that provides sufficiently
accurate measurements, the researcher has first to deter-
mine the dynamic parameters of the measured property,
and second, to choose or design a measuring system with a
dynamic characteristic close to ideal in the appropriate fre-
quency range. Determination of the dynamic parameters of
the measured property can be based on (a) previous ex-
perience (including a literature search), (b) analysis of the
physical nature of the parameter and subject-transducer
interaction, and (c) measurement of the property by means
of a calibrated transducer known to have a dynamic char-
acteristic of sufficient quality in the appropriate frequency
range. Dynamic characteristics of the measuring system

can be found from analysis of the equipment manufac-
turer’s data and analysis of the complete measuring system,
and by dynamic calibration of the measuring systems, that
is, by measuring the dynamic characteristics of the system.

Random errors
Multiple measurements of the same true value produce
dissimilar results because of random errors of measure-
ment. (Extensive treatment of random errors can be found
in refs)2,4,6,11 An example of multiple measurements could
be a set of independently performed measurements of a
patient’s temperature made over a short period of time
with the same electronic thermometer. Although the
patient’s temperature was constant during this brief meas-
urement period, the measurements made during this
period can differ from one another by a few tenths of a
degree Celsius. These variations represent random errors
in measurement around the true temperature value. If the
thermometer also were improperly calibrated, however,
the measurements will be offset by a certain amount (i.e.,
the thermometer will have a systematic error).

If the number of measurements performed was very
large, the measurements would comprise a population of
measurements. A limited number of measurements con-
stitute a sample of the population. The measurements (xi)
of the sample are concentrated around the sample mean or
average value :

(9.5)

For a particular measurement, the value (9.6)

is defined as deviation (or residual).
The magnitude of the random error for multiple meas-

urements of a single value is characterized by the sample
variance:

(9.7)

and the standard deviation of the sample (SDS) is defined
as follows:

(9.8)

As the number of measurements increases, the values of
the sample mean and the sample standard deviation
(SDS) (s) approach their limits, the population or limiting
mean (�) and the population standard deviation (	).
Therefore and s are the estimates of parameters � and 	
respectively.2 The error of estimating the population mean

x

(x)

s � �s2

s2 �
�

N

i�1
(xi �x )2

N � 1


i � xi � x

x �
�

N

i�1
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(�) by the sample mean decreases with the number of
independent measurements. It is characterized by the
standard error of estimation of the mean (SEEM):

(9.9)

Here, 	 is the standard deviation as above, which in fact is
the standard deviation of a single measurement (xi)

2.
The difference between the mean value (�) and the true

value (�) is a systematic error of measurements, or bias:

�b ���� (9.10)

The estimate of bias, or the systematic error, is as follows: 

(9.11)

The total error for a measurement therefore is as follows: 

�i �b�
i (9.12)

Many studies of random errors demonstrated that smaller
random errors occur more often than large errors.12

Therefore during multiple measurements most of the
measurements are close to the mean value. The closeness
of the measurements to the mean value is characterized by
the standard deviation. Multiple measurements can
decrease error in estimation of the mean value. The sys-
tematic error or bias can be found only by calibration of the
measurement instrument, that is, by measurement of the
same value by an instrument with higher accuracy.

As stated above, the true value is unknown, and there-
fore, the magnitude of error of a particular measurement is
uncertain. Nevertheless, by knowing the distribution of
errors it is possible to state with a predetermined probabil-
ity (confidence level) that a true value of a property is
located within the defined confidence interval2,4,6,11 from a
measured value.

Accuracy, precision, bias, and uncertainty

The closeness of the measured value to the true value
defines the accuracy of the instrument. The total error of
measurements, containing both the systematic and random
errors, determines the accuracy of the measurements: the
smaller the error of measurement, the smaller the inaccur-
acy of the measurement and therefore the higher the accur-
acy of the instrument used. Requirements of accuracy
depend on the intended use of the instrument.2 Of note, the
price of the instrument increases with increased accuracy
(decreased inaccuracy) of that instrument.

The error of estimation of the true value by the limiting
mean is a systematic error, or bias.2 The systematic error is
the result of an imperfection in the instrument.4 Multiple
measurements can improve estimation of the limiting

b � x � �

	x � 	

�n

(x) mean; however, the systematic error cannot be corrected
by multiple measurements. It can only be determined by
calibration of a measuring instrument.

The standard variance and hence standard deviation are
measures of the precision, or more appropriately impreci-
sion, of the measurement process. Imprecision character-
izes a disagreement between repeated measurements of
the same true value.2

Reports of measurements should contain both the estim-
ation of systematic error and the random error. Metrology
(science of measuring) recommends reporting not the error
but the measurement uncertainty.4,11 The term itself empha-
sizes the uncertainty of knowing the true value based on the
measured value. The measurement uncertainty defines the
range of values, usually centered on the measured value,
which contains the true value with defined confidence. The
uncertainty of a measuring instrument is usually deter-
mined by the instrument calibration.4

Static calibration

Calibration is performed for two reasons: (a) to verify the
performance of the instrument being tested and (b) to
adjust the response of the instrument being tested.4,6 The
quality of calibration is ensured by the fact that the stand-
ard reference, or the known instrument to which the cali-
brated instrument is compared, has been previously
calibrated against better instruments. This chain of cali-
bration guarantees traceability of the calibration of any
device to the national standards. In the United States it
means traceability to the National Institute of Standards
and Technology (NIST) (previously the National Bureau of
Standards) in Rockville, Maryland.

Calibration assures the clinician or investigator of the
quality of his or her measurements. Moreover, the law and
regulations require calibration of measuring instruments
used for the acquisition of data that will be used by regula-
tory agencies to approve new drugs or medical devices.

Calibration of a measuring instrument or system is a
measuring process performed when input values (true
values being measured) are known. The input values
are varied over some range of values while all other prop-
erties are held constant. During static calibration the input
signal is changed in stepwise fashion, and time is given for
the output to stabilize. The input signal is often changed in
increasing and decreasing directions. The input signal is
either provided by standards (serving as reference) or
measured by standard instruments (test equipment).

Calibration should be performed with standards or
instruments that are much more accurate than the instru-
ment being calibrated. An instrument cannot be calibrated
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to accuracy better than that of the test equipment. An
accepted practice in metrology is that the ratio of total
uncertainties (TUR) of the unit under test and the standard
should be not less than 4:1.4

Dynamic calibration

Dynamic errors of the measuring system depend on both
the dynamic parameters of the property measured and the
dynamic characteristics of the systems. In many cases the
measured property can be presented as a sum of harmon-
ics of different frequencies and magnitudes. Knowing the
frequency content of the signal allows development of
requirements to the measuring system and the choice of a
method for its calibration.

If the measuring system is known to have a flat dynamic
characteristic in the frequencies exceeding the frequency
components of the measuring system, the system can be
calibrated statically, and the result can be used for dynamic
signal. For example, it is well established that the pressure
transducers with the silicon piezoresistive sensors at the
catheter tip have flat characteristics far beyond any blood
pressure harmonics. As long as the electronics to which the
transducer is connected do not distort the pressure signal,
it is sufficient to calibrate this system statically.

The methods of dynamic calibration of the particular
measuring devices should be chosen according to the
physical principles of the property measured. The calibra-
tion of the system for measuring vascular pressures and
the chest compression force is addressed below.

Notably, however, the measurements of the dynamic
properties of the measuring system are usually conducted
in somewhat idealized conditions. The system used for real
measurement quite often has a lower resonant frequency
and higher damping.

Thoracic compression

Sternal compression force measurement

Resuscitation is performed by applying a compression
force to the sternum of the patient (Fig. 9.5(a)). The
compression force is the major determinant of CPR effect-
iveness; however, in most studies this force is neither
measiured nor controlled.

Examples of recordings of compression forces during
mechanical and manual resuscitation in a dog are shown
in Fig. 9.6(a),13 which also presents the corresponding
aortic and right atrial pressures. Figure 9.6(b) illustrates the
force14 generated by the mechanical resuscitator Thumper

(Michigan Instrument Inc., Grand Rapids, Michigan),
which is used in the practice of CPR.

In measuring the compression force, three issues must
be addressed: (a) direction of the application of the com-
pression force; (b) dynamic properties of the force values;
and (c) the shape of the force-time curve. The device for
measuring force should not interfere with the delivery of
CPR, nor should it alter the area and place where force is
applied during CPR without the device.

Direction of compression force

Quite often, the rescuer applies the compression force
not perpendicular to the sternum, but at some angle (Fig.
9.5(b)), in which case the total force can be represented by
two components: normal to the sternum and tangential to
the sternum (Fig. 9.5(c)). Sternal compression is brought
about by the perpendicular force. Although tangential
force does not directly affect the sternal displacement, this
force contributes to changes in the shape of the thorax
(what some call chest conditioning), especially in dogs,
thereby affecting the mechanical properties of the chest
and the effectiveness of the sternal compression.

An ideal assembly for measuring compression force
would measure both force components separately, but
there are no known devices capable of measuring both
components. Devices currently in use measure the main
component of the force, the normal component (e.g.,
a device in reference).15

Frequency characteristic of compression force

The analysis of frequency characteristics of the compres-
sion signals in Fig. 9.6 showed that for faithful reproduc-
tion of compression force, it is sufficient if the measuring
system measures the signal of frequency up to 20 Hz
without distortion. Some force application, however,
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as with the ACD (active compression–decompression)
devices being promoted by AMBU, should require much
higher frequency response. Indeed, in the ACD device, the
central part is lifted from the chest and then brought into
contact with the chest with high speed; in other words,
this device provides an impulse load on the sternum.

Additional studies are required to measure the frequency
characteristics of such loading.

Compression force–time course

The force-time curves of compression forces (i.e., the time
course of the compression force) can differ (Fig. 9.6). Figure
9.6(a) also shows that the time course of compression force
significantly influences the time course of the aortic and
right atrial pressures. The characterization of CPR results
and the comparison of the results of different compression
sequences and different studies thus require characteriza-
tion of the compression forces applied during resuscitation.
Here we introduce the compression force–time course clas-
sification and the nomenclature of parameters describing
most of the usually seen patterns of force–time curves.

Most of the observed time courses of the compression
force can be divided into the following classes.

Class I: Semisinusoidal course
The force rises monotonically until it reaches the maximum
force and then decreases monotonically to the minimum
force (see curves 3 and 4 in Fig. 9.6(a)). The pattern of the
force–time curve is similar to a distorted half-sinusoid.

Class II: Time course with plateau
For at least 20 milliseconds the force maintains a constant
value; that is, the force–time curve contains a plateau.
Class 2 can be subdivided into two subclasses.

Class 2A: Time course
The force reaches a plateau asymptotically without exceed-
ing its value (see curve in Fig. 9.6(b)).

Class 2B: Time course
The force reaches the maximum value, then decreases to a
plateau level, and then decreases to the minimum force
(see curves 1 and 2 in Fig. 9.6(a)).

Some suggested definitions for use in describing the
sternal compression force are given below. An example is
shown in Fig. 9.7, which is the class 2B force–time course
(curve 2 in Fig. 9.6(a)).
1. Compression period (T) (measured in seconds) is the

time interval between the moments in two consecutive
cycles when the rising compression force reaches the
value of 50 N (Fig. 9A.7(a)).

2. Compression rate of CPR (CR) is the frequency of the
compressions expressed as number of compressions
per minute:

(9.13)CR � 1
T  60 Compressions�min

188 M. Zviman and H. Halperin

400

200

0

20

40

P
A

o
 (

m
m

H
g

)
P

R
A
 (

m
m

H
g

)

60

0

20

200

400

40

60

C
o

m
p

re
ss

io
n

fo
rc

e 
(N

)
C

o
m

p
re

ss
io

n
fo

rc
e 

(N
)

0
0 1

1 2 3 4

2 3

0 1

Time (S)

Time (S)

2 3

0

0

1 2 3

0 1 2 3

(a)

(b)

Fig. 9.6. (a) A Recording of compression forces (upper panel),

corresponding aortic pressures (middle panel), and right atrial

pressures (lower panel). Vertical columns 1 and 2, compressions

with specially designed mechanical resuscitator; vertical columns

3 and 4, manual compressions. (b) Compressions with

mechanical resuscitator Thumper (Michigan Instruments, Inc.,

Grand Rapids, Michigan). (a) From ref. 13. (b) From ref. 14.



3. Compression duration (tc) (measured in seconds) is the
time interval from the moment when the rising force
reaches 50 N to the moment when the decreasing force
returns to 50 N (Fig. 9.7(a)).

4. Duty cycle (D.C.) expresses what part of the compres-
sion period is spent in compression: 

(9.14)

5. Maximum force (Fmax) (measured in newtons) is the
maximum value of force for class 1 compressions or the
maximum value of overshoot for class 2B compressions
(Fig. 9.7(a)).

D.C. � Tc

T  100%
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6. Plateau is a part of the compression duration where
the force is larger than 50 N, and the rate of change in
compression force is less than 0.5 kN/s for at least
20 milliseconds (Fig. 9A.7(b)).

7. Plateau force (Fpl) is the average force during the
plateau time interval.

8. Force rise time (tr) is the time required for the force to
change from the level of 50 N to 90% of peak force for
class 1 and 2B compressions or to 90% of plateau force
for class 2A compressions.

9. Force peak time (tp) is the time required for the force
to change from the level of 50 N to the maximum
force–time for class 1 and 2B compressions (Fig. 9.7(c)).

10. Overshoot time (tOS) is the time interval from the
moment when the rising force reaches the level of Fpl to
the moment when the force decreases to that level (Fig.
9.7(c)). This is applicable to class 2B compressions.

11. Force relaxation time (tRel) is the time required for the
force to change from the maximum force to 50 N for
class 1 compressions or from the plateau force to 50 N
for classes 2A and 2B compressions (Fig. 9.7(b)).

This nomenclature, although somewhat arbitrary, is based
on analysis of many records of compression forces and cor-
responding vascular pressures. It does not preclude intro-
duction of other parameters that would appear necessary
from other studies.

Devices for measuring chest compression force

The compression force can be measured accurately only
by placing the appropriate transducer between the

compressing element (e.g., rescuer’s hands, mechanical
piston, or circumferential vest or band) and the place of
force application. Both the area of contact between the
transducer and the patient’s chest and the mechanical
properties of the material in contact with the chest can
affect the delivery of CPR. The goal of the researcher is to
minimize these effects.

All force-measuring devices use mechanical elastic ele-
ments that produce mechanical deflection proportional
to the applied force. In traditional mechanical devices,
this deflection is calibrated in units of force. The modern
force-measuring devices, the load cells, use flexible ele-
ments that focus the effect of a load into an isolated
uniform field of small deformations (strain field).16 The
resistance strain-gages attached (bonded) to the flexing
surface produce an electric signal proportional to these
deformations. Problems may arise in choosing a load cell
for measuring the compression force. Many of the indus-
trial cells are designed to be used in such applications
when the force is applied perpendicular to their loading
surface. Presence of the tangential force causes unpre-
dictable errors in their output. Cells that measure the
component along the load cell axis but reject bending
and side loads are also available. These cells use elastic
devices with parallel linkages.15–17 Gruben et al.15 reported
on an assembly that was specially designed to measure
accurately the force component normal to the sternum
(Fig. 9.8(a)). The assembly uses a coin-shaped force cell
placed inside thick wall housing. The cell is isolated from
bending moments and side forces by two parallel
diaphragms. The industrial unidirectional force cells use
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Fig. 9.8. (a) Force measuring assembly that selectively measures perpendicular component of manually applied compression force.

(b) Coupled dual–beam spring element of a load cell. (a) From ref. 15. (b) Courtesy of Measurements Group, Inc., Raleigh, North Carolina.



a sensing element (Fig. 9.8(b)) that contains two beams
joined by relatively massive sections at both sides.16 With
this configuration, tangential forces are counteracted by
axial forces in these beams.

The commercial load cells have natural resonance fre-
quency on the order of hundreds and even thousands
of hertz and can provide an adequate measurement
of dynamic CPR compression forces. Incorporation of
additional masses can decrease the natural frequency of
the assembly. Thus the device by Gruben et al.15 had a peak
error of 14 N at oscillating loading with the force not
exceeding 400 N with the frequency of 2.8 Hz.

Attention should be paid to amplifiers used in conjunc-
tion with the load cells. Many commercial amplifiers allow
their frequency responses to be defined by the settings on
the amplifiers. These amplifiers should be set for a range
from DC to not less than 50 Hz.

Calibration of force measurement devices
The static calibration of the force-measuring devices can
be performed with calibrated weights. Because the forces
applied during CPR should not exceed 500 N, calibration
for a maximum mass of 60 kg is sufficient, and a load cell of
an uncertainty of 5 N is acceptable. Since the standards
should be at least more accurate than the device that is
being calibrated (recommended TUR�4:1) the uncer-
tainty of calibrating mass should be less than 0.13 kg. The
NIST class F weights have tolerance of 0.01%: for the 60-kg
mass, the uncertainty is 6 g.

Static calibration of the force-measuring assembly
should be performed before and after every study. The
effect of non-perpendicular loading and the dynamic
properties of the force-measuring assembly should be
tested at least once at the beginning of each series of
experiments. Gruben et al.15 describe a simple method for
testing the force assembly on an inclined surface and for
an off-center loading. Tests of dynamic properties of the
cells and the assemblies can be performed on vibration
stands.

Deformation measurement

Thoracic compression deforms the thorax resulting in
intrathoracic pressure that moves the blood (see Chapter
. . .). It is therefore useful to measure both the deformation
and the intrathoracic pressure.

Intrathoracic pressure
Pressure in the thorax can be measured using a manome-
ter attached to a fluid-filled catheter. The catheter is termi-
nated with a small fluid-filled balloon (Fig. 9.9). Such a

catheter is then inserted to a cavity in the thorax that does
not have direct communication with the blood pool and
does not have a route to release the pressure. For example,
the esophagus has been used.18

MRI

Compression force and sternal displacement measure-
ments do not reveal the complete details of thorax
deformation. This is particularly pertinent to circumfer-
ential compression. While force and displacement of the
anterior surface of the chest might be good measures of
manual CPR quality, a fuller assessment of deformation is
required to understand the underlying mechanisms that
propel blood during CPR. Figure 9.10 illustrates measure-
ments feasible by MRI of the thorax during CPR. Images
were acquired using fast gradient echo with and with-
out motion tagging. The acquisition was synchronized to
the CPR device and images could be acquired at a tem-
poral resolution of 30 ms during the compression-release
cycle. Multiple slices can be scanned such that the whole
thorax is imaged. Thus a sequence of volumes can be gen-
erated covering the complete compression-release cycle.
External measurement of the displacement of the chest
during compression yields a one-dimensional measure
of chest deformation. Panels (a) and (b) of Fig. 9.10 illus-
trate the additional measurements provided by MRI. In
addition to the anterior-posterior distance (light blue
line) volumes of the heart chambers (red, LV) and the
thoracic cavity (green) can be calculated. It is also appar-
ent that the simple sternal displacement is not a sufficient
parameter to estimate the sternal to spine distance (blue
arrow).

The use of motion tagging allows the creation of 4D
volumes where strain is mapped during the compression-
release cycle. Panels (c) and (d) of Figure 9.10 depict
such tags. Tags in a form of a grid are created before
compression starts and can be imaged throughout the
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compression-release cycle. Following the displacement of
the tags results in a strain map. Figure 9.10 (panels (c) and
(d)) show an axial slice of an animal chest before and at the
peak of circumferential compression.

Blood pressure measurement

The most commonly measured blood pressures in CPR
studies are the aortic and the central venous (or the right
atrial) pressures. Figure 9.6(a) shows examples of record-
ings of these pressures. The largest difference between
the pressures at CPR and the normal pressures of the
beating heart is that the right atrial pressure has the same
magnitude as the aortic. Sometimes the peak right atrial

pressure is even larger than the peak arterial. Since the
pressure generating the blood flow to the myocardium
(coronary perfusion pressure) is the difference between
the arterial and right atrial pressures, even small errors in
measurement of the latter pressures can produce rela-
tively large errors in the estimation in the perfusion pres-
sure. In addition, change of resuscitation techniques
may produce large changes in absolute values in the
aortic and the right atrial pressures while producing small
changes in the heart perfusion pressure. Therefore
requirements for accuracy of measurement of blood pres-
sures during CPR are high. The pressure-time curves may
have a complex shape with short spikes. Consequently,
faithful reproduction of these shapes requires pressure
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Fig. 9.10. Axial MRI images of pig thorax during CPR. Left panels (a and c) are images during relaxed

phase. Right panels (b and d) are at peak compression. Panels a and b illustrate the type of

measurements that can be performed. The light blue line demonstrates the anterior-posterior distance

of the sternum. Areas of the sections through the left ventricle (red) and the intrathoracic cavity (green)

can be readily calculated. The image in panel a was taken before compression and panel b at the peak

compression (20% AP distance). Deformation of the chest wall, the heart and other organs is clearly

visible. Also visible is that the direction of compression was not through the sternum-spine axis (blue

arrow), thus shortening at this axis can not be calculated simply from the AP distance. Panels c and d

illustrate the use of tagging. MRI images are acquired during multiple phases of the compression-

release cycle. Recording the movement of the tagged grid produces a strain map. The complex features

of deformations during the circumferentially compressed phase are clear (panel d). (See Plate 9.10.)



transducers that measure signals of frequency up to 20 Hz
without distortion.

Methods of measuring blood pressure
The non-invasive indirect measurement of blood pressure
that is common in clinical practice uses an inflatable cuff
placed around the upper arm. Systolic and diastolic pres-
sures are determined during deflation of the cuff either by
listening to Korotkoff sounds or by utilizing the oscillatory
method.8,19,20 Due to the low peripheral blood pressure
during CPR, these methods have limited applicability.
Invasive techniques for measuring blood pressure place
catheters inside a blood vessel. Measuring arrangements

are of two types: either a fluid-filled catheter is connected
to the tubing outside the body, which in turn is connected
to an extravascular pressure transducer (Fig. 9.11),9–21 or a
catheter with a transducer at its tip is placed so that an
intravascular pressure transducer contacts the blood
directly (Fig. 9.12).

Similar to force transducers, a pressure transducer
contains a mechanical elastic element (membrane or
diaphragm) (Fig. 9.11(b) and 9.12). One side of the mem-
brane is exposed to measured pressure, and the other is
vented to atmospheric pressure. The deflection of the
membrane is converted into an electrical signal by the
strain gages. In nearly all modern pressure transducers,
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the strain gages (sometimes called piezoresistors) are pro-
duced on one silicon chip.

Choice of pressure transducers for CPR studies

Blood pressure transducers with direct coupling, the Mikro-
Tip Catheter Pressure Transducers (Millar Instruments, Inc.,
Houston) (Fig. 9.12), have a natural frequency of 50 kHz and
provide non-distorted measurements of the blood pressure
during CPR.

The transducers used in measurement of blood pressure
with fluid coupling by itself have high dynamic quality. The
CDX Transducer (ARGON, a division of MAXXIM Medical,
Athens, Texas) (Fig. 9.11(b)), for example, has a dynamic
response in excess of 100 Hz. The combination of mass of
liquid in the connecting fluid-filled catheter, the elasticity
of the catheter, and the hydraulic resistance of the catheter
contributes to resonance within the hydraulic system. The
resonance selectively amplifies different frequency com-
ponents of the blood pressure signal, significantly distort-
ing the signal. Extensive evaluation of the dynamic
properties of the system for measuring blood pressure with
fluid coupling can be found in References 8, 19–21.

Simultaneous recordings of the same aortic pressure
with both types of transducers are shown in Figure 9.13(a)
with direct coupling by intravascular Mikro-Tip Catheter
Pressure Transducers SPC-470 (Millar, Inc., Houston); and
in Fig. 9.13(b)) with fluid coupling by extravascular trans-
ducer P23 ID (Statham-Gould, Oxnard, California) and 7 Fr
fluid-filled catheter. The Mikro-Tip transducer gives a

correct recording of the pressure wave. The resonance of
the fluid-coupling system on rising and decreasing fronts
of the pressure signal distorts the signal and overesti-
mates pulse pressure. Both measuring systems give similar
mean pressure for compression and release intervals.
Optimization of the dynamic characteristics of the fluid-
coupling system may reduce the resonance but cannot
eliminate it.

If the objective of the study is to record the correct vas-
cular pressures, then the application of a pressure measur-
ing system with direct coupling is essential. Because
intravascular transducers cost significantly more than
extravascular pressure transducers and are much more
fragile, intravascular transducers are not readily available
and are not a part of routine monitoring in hospitals. Thus
these transducers are not already in patients at the begin-
ning of an in-hospital arrest. Placing catheters with trans-
ducers during CPR is a difficult task, but it can be done in
prolonged resuscitation.22 In animal studies, however, the
use of intravascular transducers should be routine for
recording intravascular pressures.

Accuracy of blood pressure measurement

Accuracy of 1 to 2 mm Hg is easily achievable. Blood pres-
sure transducers should be calibrated before each study,
if possible, and calibration should be verified after each
study. Usually, calibration is performed with mercury
manometers, which are readily available in hospitals.
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With appropriate care, pressure can be established with an
accuracy of 0.2 to 0.3 mm Hg. Calibration with electrical
means on the monitors or on connecting boxes (for Mikro-
Tip Transducers) may add 1 to 2 mm Hg of calibration error.

The biggest challenge in blood pressure measurement is
establishing the zero pressure level. External transducers
have a port that can be exposed to ambient pressure for

establishing zero pressure level, which is generally placed
at the level of the right atrium. The same zero level can be
established for different extravascular pressure transduc-
ers independent of the position of the ends of the attached
fluid- filled catheters. The output signal for zero input pres-
sure for intravascular transducers should be established
before insertion of the transducer into the vessel and
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checked after the experiment. Since the zero level pressure
in these transducers depends on the position of the tip of
the catheter in the body, this discrepancy can reach 1 to
2 mm Hg. Therefore the post-experiment zero level should
be checked in vivo (if the experiment allows).

Blood flow measurement in cardiopulmonary
resuscitation

Blood flow is a critical determinant of survival. Blood flow
is quantified as the volume of fluid passing through a
cross-section of a blood vessel per unit time. If a small
volume of blood (
V) has passed through the cross-section
in a short time (
t) then the flow is as follows:

(9.15)

The flow can also be related to velocity of liquid in the
cross-section. If the velocity is the same across the cross-
section, then the volume of liquid that will pass the section
in the time interval 
t is as follows:


V�uA
t (9.16)

Here, u is a velocity of liquid in the cross-section, and A is
the area of the cross-section. From Eqns 15 and 16, it
follows that, when velocity is the same across the cross-
section, the flow is as follows:

F�uA (9.17)

When the velocity is not constant across the vessel cross-
section, it should be substituted in Eqn 17 by an average
across the cross section value of the velocity u (A):

(9.18)

From Eqn (9.15), it follows that if flow is constant, the
volume that passes the cross section in time interval �t
from t1, to t2 (i.e., �t� t2 � t1) is as follows:

V�F(t2 � t1) (9.19)

If the flow is changing in time, then constant flow (F) in
Eqn (9.19) has to be substituted for mean (average in time)
flow :

(9.20)

Flow is characterized by both magnitude and direction.
Antegrade blood flow is usually assigned a positive value,
whereas retrograde flow (e.g., the valve regurgitation flow) is
assigned a negative value. During CPR the blood flow in
vessels usually changes direction from antegrade to retro-
grade during one chest compression cycle. The resulting

V � F(t2 � t1)

(F)

F � u(A)  · A

F � 
V

t

mean flow defines the blood supply to the organs. The
measurement of the regional tissue blood flows, or organ
per-fusion, during CPR provides information on distribu-
tion of cardiac output to different organs. Success of CPR
depends on sufficient blood supply to the heart and brain.

Methods of measuring blood flow

Both non-invasive and invasive techniques are used for
measuring blood flow. An example of a non-invasive tech-
nique is the transcutaneous or the intraesophageal ultra-
sound echo Doppler technique.23 Some invasive techniques
require placement of catheters into blood vessels by
transcutaneous or surgical cutdown access; examples are
cardiac output measurements by the Fick principle or by
thermo dilution.19,24–27 Other invasive techniques require
surgical procedures to access the external surface of the
blood vessels to place a flow probe.19,25,26,28 Measurement of
regional blood flow by labeled microspheres requires sacri-
fice of an animal for acquiring tissue samples.29,30

Methods of blood flow measurements can be classi-
fied as follows: (a) use of tracers of various sorts (e.g.,
thermodilution or labeled microspheres);25,26,29 (b) utilizing
electromagnetic flow probes;25,26,28 (c) methods utilizing
transit-time ultrasonic flow probes,31,32 (d) ultrasound echo
Doppler technique,23 and laser–Doppler flow methods.33–35

Distinctive features of blood flow measurement

Compression on the chest produces extensive mechani-
cal movement and vibration of the chest, organs, and vas-
culature inside the chest and abdomen; consequently
techniques such as transcutaneous or intraesophageal
ultrasound echo Doppler, which require steady position-
ing of the transducer relative to the blood vessels, cannot
be used during CPR.

During cardiac arrest, arterial pressure drops to the level
of the mean systemic pressure (7 to 10 mm Hg), causing a
significant decrease in aortic and arterial radii. During
resuscitation the aortic and arterial pressures increase but
still can be much lower than before arrest. Therefore, the
arteries will be smaller than before arrest. Such arterial
shrinkage will cause changes in mechanical coupling of
the flow probes to the aorta and arteries.

During CPR, blood flow is usually substantially lower
than in the intact circulation. In addition, during CPR,
blood flow in most vessels alternates between antegrade
and retrograde directions (Fig. 9.14). While the magnitude
of the antegrade instantaneous flow (the flow at a particu-
lar time moment) can be large, subsequent retrograde flow
negates some of it. Consequentially, the mean flow for a
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whole compression cycle could be rather small. Therefore
it is of paramount importance to verify the output signal of
the flowmeter when the flow rate is equal to zero.

This section will evaluate current methods of blood flow
measurement by microsphere injection and with flow
probes.

Measurement of blood flow with microspheres

Measurements of blood flow by known concentrations of
tracers in the blood have been used for more than a
century. In 1870 Fick introduced measurements of cardiac
output by measurements of oxygen or carbon dioxide con-
centrations in arterial and venous blood and the uptake of
oxygen or release of carbon dioxide by lungs. The tracers
can be introduced into the bloodstream continuously or as
a single bolus injection. Although single-bolus injection is
utilized in the clinically popular measurement of cardiac
output by thermodilution, this technique is not applicable
during CPR because of low blood flow and extensive move-
ment of the body.

Measurement of organ perfusion by injection of radionu-
clide-labeled microspheres in animal CPR studies was
extensively studied by Koehler et al.29 in the 1980s and is now
widely accepted. In general, a known amount of tracer (Q) is
injected into the bloodstream as a bolus (Fig. 9.15(a)) during
a short time interval. Arterial blood is sampled by with-
drawal by a syringe with a calibrated rate.To ensure accuracy
of blood flow measurement, the tracer should be uniformly
mixed with blood (i.e., the concentration [c] of the tracer in
any cross-section in a vessel after the mixing chamber is
constant); in addition, tracer particles should move with the
same velocity as the flow particles.27 After the bolus injection
the concentration of the tracer in the blood distal to the
mixing chamber changes with time, as shown in Fig. 9.15(b).

It can be shown25,26 that if the amount of the tracer is
known, the flow can be calculated as follows:

(9.21)

Here the denominator of Eqn 21 ( cdt) is the area under
the tracer concentration curve in Fig. 9.15(b). Thus, if the

�

F �
Q

� c · dt
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total amount of the tracer injected into the bloodstream is
known, and the concentration of tracer in the blood after
the mixing chamber can be measured, then the blood flow
can be calculated. This method is used in cardiac output
measurements with thermo dilution. During resuscita-
tion, organ flow is measured with 15-�m diameter mic-
rospheres. These microspheres are nearly completely
trapped in the capillaries, and therefore the rate at which
the tracer leaves the organ is negligible. To avoid measure-
ments of concentration of the spheres in the bloodstream,
the reference sample of blood is withdrawn from an artery
with a constant known flow (Fsample) (Fig. 9.15(a)). The
syringe that withdraws the arterial blood can be looked on
as another organ with known blood flow to it (Fsample).
Since only the amount of microspheres in the sample is
important, withdrawal starts before the microsphere
injection and continues until the blood is cleared of
spheres. It can be shown that the blood flow to an organ is
as follows:

(9.22)Fo � Fsample

Qo
Qsample

In CPR research the amount of microspheres in an organ
is measured as the amount trapped in 1 g of tissue.
Substituting Q100 in Eqn (9.22) for Qo we get for the blood
flow to 100 g of tissue:

(9.23)

where w is the assayed tissue weight in grams.
The number of spheres is measured as the amount of

radioactivity or concentration of dye, depending on
the type of microspheres that were used.29,33,35–40 Multiple
injections could be performed with microspheres labeled
with different radioactive nuclides, different colors or dif-
ferent isotopes. The numbers of each different micro-
sphere in one sample are then determined by differential
spectroscopy,29,30,38 or colorimetry.36,37,39,40

Practical considerations

While measuring organ blood flow with radionuclide-
labeled microspheres, the spheres are injected into the left
ventricle via a catheter. The number of spheres injected
should be about 1 to 3 times 106. Additional fast flushing of
the catheter with 10 ml of saline ensures that no spheres
are left in the catheter and improves mixing of the spheres
with blood in the left ventricle. The amount of injected
microspheres depends on the minimal amount that is
required for reliable assay. The estimate of the injection
amount can be calculated as follows:

(9.24)

where 

is the minimal amount

required for reliable assay and n is the injected amount.
The reference samples are taken from at least two arter-

ies lying on both sides. Closeness of counts in the two arter-
ies ensures that spheres have been well mixed in the blood.
The reference sample withdrawal time should be at least
2 minutes.29 Instability of blood flow for such a long time
would introduce significant errors in estimations of blood
flow. Spheres with lower energy emissions (e.g., 113Sn)
should be injected when the flow is greatest; before arrest.

For radioactive microspheres, the numbers of micro-
spheres in blood and tissues are counted on gamma
spectrometers. The overlap of counts in tissue from high-
energy isotopes into windows of lower-energy emission is

nminCOf �
normal flow to organ

normal cardiac output;

S �
tissue sample weight

Organ weight ;F �
Freduced
Fnormal

;

n �
nmin

F · S · COf

F � ml
min · g� � Fsample 

Q
Qsample · w
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subtracted to obtain a corrected count value for each
isotope by differential spectroscopy.30

The following factors can cause error.
1. Instability of blood flow during blood sampling time,

which should extend for at least 2 minutes.29

2. Any interruption of CPR during sampling time.
3. Poor mixing of microspheres in the left ventricle and

sedimentation of spheres.
4. Any problems with the pump that withdraws the refer-

ence blood sample and discrepancy between counts in
two samples (Koehler et al.29 reported a discrepancy on
the order of 1.5%).

5. Microsphere shunting across the venous bed and recir-
culation of spheres (Koehler et al.29 found that shunting
across the cerebral bed was 4.1�2.3% during CPR).

6. Small numbers of spheres in some tissue samples.
7. Pulsatility of blood flow.24

Currently, we do not have realistic measurements of accu-
racy of regional blood flow during CPR by radionuclide-
labeled microspheres. We can only estimate that the
uncertainty of these measurements is at least 10% of the
measurement. If the technique of the investigator is not
perfect, the uncertainty can be 20% to 50% of measure-
ment or even much higher.

Non-radioactive microspheres
Non-radioactive microspheres with affixed fluorescent
non-leaching labels or neutron-activated isotopes have
been added to regional blood flow measurements for four
major reasons: (a) the cost of disposal of radioactive waste
is becoming prohibitively expensive; (b) there is a danger
to the health of laboratory personnel, however small;
(c) animals injected with radioactive material are difficult
and expensive to maintain; and (d) new technology of
tissue processing and color analysis is improving in quality
and is less costly.

Color
Fluorescent microspheres alleviate the problems associated
with using radioactive material in animals. The use of fluo-
rescent and radioactive microspheres is similar. Instead of
detecting the amount of microspheres trapped in tissue
sample by nuclear spectroscopy, fluorescent microsphere
amounts are detected by fluorometry. In order to assay the
fluorescence of the microspheres in tissue samples, the
tissue has to be processed. Van Oosterhout et al.37 describe a
method for extracting the microspheres from the blood and
tissue and than extracting the dye from the microspheres so
it can be assayed using a luminescence spectrophotometer.
It was later shown that fluorescent microspheres were su-
perior to their radioactive counterparts when blood flow was

measured in chronic experiments.36 Detailed technical dis-
cussion of the use of fluorescent microspheres can be found
in the manufacturers’ documentation.39,40

Neutron-activated
The latest microsphere technology is neutron-activated
microspheres.38 Like the fluorescent microspheres, it is not
hampered by the use of radioactive material. At the same
time, like the radioactive microspheres, it does not require
digestion of the tissue. The microspheres are loaded with
non-radioactive isotopes. Once tissue is harvested it is
rinsed and dried in the investigator laboratory and sent to
the manufacturer for assay. The assay procedure involves
activation of the isotopes by neutron bombardment and
measurements of the decay of the different isotopes in the
sample. Currently, 12 different isotopes are available.

Blood flow measurement with flow meters

Blood flow meters contain at least two major parts: a flow
probe producing a signal functionally related to the flow
(usually proportional) and an electronic unit supplying
energy to the flow probe, processing the output signal of the
flow probe, and presenting the result to the observer. Blood
flow measurement with flow meters requires placing a flow
probe in the circulation. The degree of surgical intervention
depends on the vessel in which the blood flow is measured
and on the design of the flow probes. Independent of the
physical principles on which flow measuring is based, we
can distinguish three major types of flow probe design:
perivascular, cannulating, and intravascular.

The perivascular probe is placed around the vessel.
The required tightness of fit of the perivascular probe to the
vessel depends on the physical principles of the flow mea-
surement.

The cannulating flow probe is composed of a short tube
with a sensor in the middle part. The vessel is transected
and the flow probe interposed between the cut ends. Thus
the entire volume of blood flowing through the vessel goes
through the flow probe. The advantage of the cannulating
flow probe is the fixed geometry, which guarantees the
fixed velocity profile inside the probe, whereas the major
disadvantage is that the anatomy of the vessel is altered,
which might alter the hemodynamics.

The intravascular flow probe measures the velocity in the
vicinity of the probe rather than the flow. Hence, such flow
probes are often termed velocity meters. Measurements of
the flow by these probes rely on knowing the vessel cross
section and the velocity profile in this section and on sta-
bility of the cross section and the profile during measure-
ment. Because these conditions are uncertain during CPR,
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intravascular flow probes have very limited use during CPR
research.

Electromagnetic flow meters

The principle of electromagnetic flow meters is based on
Faraday’s law; namely, the electromotive force is generated
when the conducting medium (blood) moves across the
magnetic field (Fig. 9.16). The electromagnet produces the
magnetic field with the magnetic flux density (B), across
the vessel. Blood moves across the field with velocity (u),
and as a result electromotive force (E) is generated in the
blood. This voltage is picked up by the electrodes posi-
tioned on the walls. In a cannulating flow probe, the tube
is made from an isolating material and the electrodes are
placed inside the tube so that they are in contact with
the flowing blood. In a perivascular flow probe the body of
the probe is placed tightly around the blood vessel so that

the electrodes on the internal surface of the probe do not
lose contact with the blood vessel.

It has been shown28 that, under ideal conditions, distri-
bution of the voltages and currents in the flow probes pro-
duces the voltage E on the electrodes that is proportional
to the average across the cross-section flow velocity 

(9.25)

where d is the diameter of the blood vessel and B is the
magnetic inductance. Thus it follows from Eqns 18 and
25 that the electromagnetic flow meter generates a signal
proportional to the flow. The signal of the flow probe is on
the order of microvolts so that the flow meter requires
high-quality, powerful amplification. The flow probe pro-
duces voltage proportional to flow, as long as flow is axially
symmetric. The cannulating flow probe provides the
proper flow profile, since it has a tube of sufficient length.
The perivascular flow probe measures flow accurately in

u(A)  : E � dBu(A)
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Fig. 9.16. Principle of electromagnetic flow meter, B, density of magnetic flux; u, velocity of blood; 

E, flow-induced electromotive force.



most arteries but not in the aorta, where the profile is
non-symmetric.9 When the perivascular flow probe is
implanted and has become attached to the vessel by con-
nective tissue, the shape of the vessel may be distorted,
which can cause a non-symmetric flow profile.

Polarization of the electrodes in contact with blood or
vessel produces voltages of higher magnitude than that
of the flow signal. To exclude the polarization effect, the
magnetic fields of the flow probes are produced by alter-
nating electric current.

Some of the flow meters utilize a sinusoidal current of 400
to 700 Hz. In addition to the signal proportional to the flow,
these flow probes also generate what is called a transformer
voltage, which is not flow-related. This voltage is generated
because of interaction of the winding of the probe, which
produces the magnetic field, with a circuit comprising the
electrodes, the blood between them, and the wires leading to
the electrodes. The probe winding and this circuit function
as primary and secondary windings for an unintentional
de facto transformer. It is fortunate that the transformer
voltage has a 90-degree phase shift in reference to the flow
signal. The flow probe manufacturers reduce the trans-
former voltage by proper alignment of the wires leading to
the electrodes. Nevertheless, complete compensation of the
transformer voltage cannot be achieved. The flow meter
electronics utilize different schemes of gating to overcome
this voltage. Some of the flow meters have a gate knob that
can be properly set. The appropriate gate number for the
particular flow probe can be either supplied by the manu-
facturer or measured according to the flow meter manual.

The square-wave flow meters utilize power supplies that
deliver constant current into a flow probe for a very short

time interval, switching the direction of the current. The
transformer voltage in these flow probes has the form of
short spikes, which are gated out by the flow meter elec-
tronics. These spikes do, however, have the unwanted
effect of producing eddy currents in the blood.

The biggest problem encountered with the use of electro-
magnetic flow meters is a zero flow variation. In sinusoidal
flow meters the zero shift is caused by uncompensated
transformer voltage and by currents leaking into the elec-
trode circuitry. In square-wave flow meters, the major zero
instability is caused by presence of the eddy currents during
the field switching. The most reliable zero flow checking
is by complete occlusion of the vessel while the flow meter
is on. We estimate the uncertainty of flow measurement
with electromagnetic flow meters to be 5 to 10% of full
scale range.

Transit-time ultrasonic flow meters

A transit-time ultrasonic flow probe manufactured by
Transonic Systems Inc. (Ithaca, New York) consists of a
probe body, which houses two ultrasonic transducers, and
a fixed acoustic reflector (Fig. 9.17). The transducers are
positioned on one side of the vessel under study, and the
reflector is positioned midway between two transducers
on the opposite side.

An electrical excitation causes the downstream trans-
ducer to emit a wide plane wave of ultrasound, illuminating
the vessel’s full width. This ultrasonic wave intersects the
vessel in the upstream direction, then bounces off the
acoustic reflector, again intersects the vessel, and is received
by the upstream transducer, where it is converted into an
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electrical signal. From these signals the flow meter derives
an accurate measure of the transit time taken for the wave of
ultrasound to travel from one transducer to the other.

The same transit-receive sequence of the upstream cycle
is repeated but with the transmitting and receiving func-
tions of the transducers reversed so that the blood flow is
bisected by an ultrasonic wave in the downstream direction.
Again, the flow meter derives and records an accurate
measure of transit time from this transmit-receive sequence.

During the upstream cycle the sound wave travels against
flow, and total transit time is increased by a flow-dependent
amount. During the downstream cycle the sound wave
travels with flow, and total transit time is decreased by the
same flow-dependent amount. The flow meter subtracts
the downstream transit time from the upstream transit time
and calculates the average velocity of the liquid along the
path of the beam.31 The beam illuminates the vessel’s entire
cross section, and the flow meter yields volume flow:
average velocity multiplied by the vessel’s cross-sectional
area. Since the transit time is sampled at all points across
the vessel, volume flow measurement is independent of
the flow velocity profile. An electronic zero-flow refer-
ence signal is generated by subtracting two consecutive
upstream measurements instead of using an upstream and
a downstream measurement. This eliminates the need for
clamping the vessel to establish the zero flow baseline.32

Transonic Systems Inc. manufactures both perivascular
and in-line (cannulating) flow probes. Perivascular probes
are non-constricting and allow some misalignment of the
flow probe with the vessel. The free space in the probe
should be filled with jelly, which serves as an acoustic coup-
lant. The company guarantees high accuracy of the flow
probes: for a perivascular probe appropriate for a 4-mm

vessel, the maximum uncertainty of zero offset is 4 ml/min,
and the maximum uncertainty of the calibration slope is
10%; for a cannulating flow probe with 3.2-mm internal
diameter (maximum flow range, 150 ml/min), the maxi-
mum uncertainty of zero offset is 2 ml/min, and the cali-
bration slope is 7%. The zero flow uncertainty is usually
smaller for most of the probes, and the slope uncertainty
can be reduced by in situ calibration.

Ultrasound Doppler flow meters

Ultrasound Doppler flow meters41 also known as color
Doppler sonography have not been commonly used to
quantify blood flow during CPR Experiments. Figure 9.18.
depicts the principle of the velocity measurements using
Doppler effect. The received frequency (freceived) is:

(9.26)

where Vtissue is the velocity of sound in the tissue, Vblood is the
velocity of the blood, and � is the Doppler angle of inci-
dent ultrasound beam.42 Newer Amplitude-coded Doppler
solves problems of aliasing and angle dependence.42 Unlike
older continuous wave monitors, pulsed ultrasound is loca-
tion-specific. This technology has been widely used in
postresuscitation assessment of blood flow and cardiac
output.43,44

Trans-esophageal echo (TEE) has been used in animals45

and humans46 during resuscitation to measure cardiac
output. While extravascular probes are difficult to use
during resuscitation because the motion caused by com-
pressions, newer intravascular probes might facilitate the
use of ultrasound Doppler47,48 during experiments.

Laser Doppler flow meters

Tissue blood flow can be measured using Laser Doppler
flow meter. The principles of operation of laser Doppler are
similar to ultrasound Doppler flow meter. Here to the trans-
mitted beam is reflected, or more accurately scattered, by
the cells in the blood. The shift in the frequency of the light
is than used to calculate velocity. Small probes can be
implanted close to an area of interest to monitor blood flow.
Nordmark and Rubertsson34 implanted a probe (Periflux,
Perimed) directly over the frontal cortex of piglets via a burr
hole to monitor blood flow continuously during CPR.

MRI

Magnetic resonance imaging can be used to measure
blood flow by using established clinical protocols. Krep

freceived � ftransmitted �1 � 2 
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et al.49 report additional use of MRI and NMR to assess per-
fusion and the metabolic state of the brain during CPR.
Diffusion-weighted imaging was used to monitor brain
perfusion by calculating water diffusion coefficient which
is sensitive to intracellular water and cell volume. Proton
spectroscopy (1H-NMR) was used to monitor brain lactate
as an indicator of metabolic state.

Application of flow meters in CPR research

The specific features of cardiac arrest and the CPR proce-
dure present significant challenges to the use of flow
probes. As noted above, the resuscitation process produces
significant motion and vibrations in the subject’s body. As
a result, the acutely placed perivascular probes may move
around the vessel, changing their placement position and
angle. In addition, the aorta and arteries are smaller during
cardiac arrest and resuscitation than they are before arrest.
This decrease in the vessel’s size exaggerates the flow probe
movement. In electromagnetic probes, arterial shrinkage
will cause partial or even complete loss of contact of elec-
trodes with the vessel. In ultrasound flow probes, the
reduction in vessel size will cause disruption of sound cou-
pling. The vibration can also cause leakage of the acoustic
coupling jelly.

The implanted perivascular electromagnetic flow
probes have been used by Wolfe et al.50 for aortic and
coronary flow measurements (Fig. 9.12(c)). Scarring of the
flow probe prevents the implanted flow probe from losing
contact with the vessel. Vibrations of the subject cause
vibrations of the probe in relation to the vessel, however,
which may influence the flow measurements. Another
concern is that the scarring prevents the vessel from the
shrinkage that is natural during CPR (see above). This
modification of the vessel anatomy by the flow probe may
influence the flow. Of note also, the implanted flow
probes should be calibrated in vivo.25,26 Chandra et al.51

used cannulating flow probes to measure carotid flow
(Fig. 9.14). Although cannulating probes present signifi-
cant difficulties in their placement, they guarantee the
best accuracy.

As already noted, blood flow during CPR alternates
directions in the vessels (Fig. 9.12(a)). High magnitude of
the positive and negative flow values requires the use of
large full scale ranges. At the same time the mean flow
value could be small, on the order of the error of measure-
ment for the chosen scale. Thus measurements of phasic
blood flow by flow meters during CPR require continuous
development. It is conceivable that transit-time ultrasonic
flow meters may provide, in the future, the necessary
accuracy.

Air flow

It is of interest to measure the air flow during CPR. Air flow
can be measured using a pneumotach. Most pneumotach
transducers are low differential pressure transducers. Air is
made to flow through some small resistance such as a
number of thin glass tubes. At slow flow rates, the differ-
ence between the pressure before and after the resistance
is proportional to the flow. The pneumotach is calibrated
by blowing a known volume of air through it while record-
ing the transducer response. The relationship between the
voltage and flow can be calculate as: where V
is the volume, v(t) is the transducer voltage, ts and te are the
starting and ending times. A pneumotach system that pro-
vided heating if the resistive elements is preferred. Heating
prevents condensation in the resistive elements and thus
prevents changes in the resistance.

Regulatory aspects of calibration in CPR research

In the United States, requirements for proper calibration
are clearly spelled out for manufacture of medical equip-
ment52 and for non-clinical laboratory studies,53 which are
performed to provide the data in support of applications for
investigational device exemption54,55 or marketing permits
for medical equipment.56

The regulations entitled Good Laboratory Practice for
Nonclinical Laboratory Studies53 state that “equipment used
for generation, measurement, or assessment of data shall be
adequately tested, calibrated and/or standardized,” that
“written standard operating procedures [are] required,” and
that “written records shall be maintained of all inspections,
maintenance, testing, calibrating and/or standardizing
operations.” Therefore, any experimental data submitted to
the US Food and Drug Administration for approval of a drug
or device must have been acquired by use of instruments
that meet these criteria.

CPR research uses many measurements performed in
clinical laboratories. The quality of measurements in these
laboratories is strictly regulated. In the United States, clin-
ical laboratories have to be certified by federal and local
governments.57 To acquire certification, the laboratories
must have written procedure manuals for performance of
all analytic methods used by the laboratory. Procedure
manuals must include, when applicable to the test proce-
dure, calibration and calibration verification procedures.
Extensive work for developing calibration procedures for
clinical laboratories has been performed by the National
Committee for Clinical Laboratory Standards, which has
produced many publications on this topic.58 Both the sci-
entific community in CPR research and the manufacturers

V � �te
ts

v(t)dt
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of equipment for CPR should devote more attention to
developing standardized methods of static and dynamic
calibration of measuring devices used in CPR research.
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This chapter is designed to provide a comprehensive, sys-
tematic account of the methods of conducting clinical
research in resuscitation, in particular, how to set up and
carry out a comprehensive and meaningful clinical trial.
We will follow the natural conduct of a study, from design-
ing the protocol through data collection to evaluation and
interpretation. As an example of some of the difficulties
and also the satisfactions of a job well done, in the
Appendix we present Professor Wenzel’s personal descrip-
tion of the trials and tribulations of determining the role of
vasopressin in treatment for cardiac arrest.

Study design

Study objectives

Clinical research in cardiac arrest has developed slowly
during the last few decades as compared with other disci-
plines. The objectives of completed, scheduled, or planned
studies can roughly be divided into three categories:
(1) epidemiology, i.e., collection of information on preva-
lence, chance and risks of clinical conditions that require
resuscitation attempts; for example, anecdote in the
Appendix, elevated endogenous vasopressin levels in sur-
vivors of cardiac arrest were found in previous epidemio-
logical studies; (2) evaluation of established treatments
and algorithms for resuscitation that are practiced with or
without proof of efficacy; for example, in the anecdote, his-
torical data on CPR with vasopressin were available;
(3) randomized clinical trials performed to collect evi-
dence on the efficacy and safety of established or new
interventions or therapeutic strategies following cardiac

arrest; for example, the anecdote describes a randomized
clinical trial performed to gain evidence on the efficacy of
vasopressin as compared to the established epinephrine
injections during out-of-hospital CPR.

Study protocol

For all clinical trials and indeed other experimental
studies, a comprehensive protocol is required that sum-
marizes in detail the study objectives and procedures
before the study starts. This protocol is the foundation for
all decisions of sponsors, ethics committees, review
boards, insurance companies or regulators, for conduct,
evaluation, and publication. It provides detailed guidelines
for study participants (researchers and patients), on how
the study must be carried out (for example, recruitment
and inclusion and exclusion criteria), and how to deal with
potential conflicts. Although time-consuming, a well-
designed and well-written protocol will prove invaluable
during the course of the study.

Fundamental decisions in study design

When planning a clinical study in resuscitation or in other
medical subjects, there are a few basic options that require
fundamental decisions. The best choices will depend on
the study objectives and on the practical restrictions of the
researcher.

External vs. internal validity
Two potentially conflicting goals have to be in accord in
a study: (1) Any conclusion from a study is based on
some comparison. Usually, these comparisons involve a
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reference group or control group that does not exhibit the
characteristic or experience the intervention under study.
If the study allows a fair comparison to the reference
group, the differences between the study groups can be
ascribed to the characteristics or interventions under
study only; such studies are called internally valid. In
general, the best method to attain internal validity is by
randomization. (2) Usually, the conclusions that apply to
a general population or target population are of interest.
For this purpose, the study population should be repre-
sentative of the target population. If representiveness is
guaranteed to a sufficient degree, the study is called
externally valid. Ideally, external validity is accomplished
by random selection from the target population. This can
be accomplished by a broad selection of study centers in
different countries, which may or may not represent all
providers of resuscitation.

It is almost impossible to achieve perfect internal and
external validity in a single study. For example, registers are
usually selections from a target population that are com-
plete for a defined period of time and thus ideally represent
that period, but lack internal validity because of several
confounding influences. On the other hand, randomized
trials allow optimal internal comparisons, but, in order to
permit randomization and attain a study of high quality,
special centers and patients have to be selected that agree
to randomization and fulfill restrictive inclusion and exclu-
sion criteria, resulting in a lack of generalizability of the
conclusions to routine health care. Thus, a decision must
be made with respect to which goal is more important in
the particular study. In epidemiology, external validity is
usually considered to be more important in order to
receive information from ‘the real world’ and thus, epi-
demiologic studies should include at best all patients suf-
fering from cardiac arrest and considered for CPR from a
well-defined area. On the other hand, proof of efficacy of a
therapy requires high internal validity and would be better
targeted in randomized controlled trials. Studies on health
care usually try to give equal weight to both aspects.

Observational vs. interventional approach
A decision closely linked to the competing goals of external
and internal validity is the choice between observational7

and interventional8–11 study approaches. In an observa-
tional study, once the study population is selected, patients
are simply observed in the natural course of the disease
with the therapies that they would receive anyway, regard-
less of whether they are in a study or not. By contrast, in an
interventional study, the treatments under investigation
will be allocated to the patients according to some alloca-
tion scheme that is designated in the study protocol.

Interventional studies obviously raise serious questions
on ethical and practical issues. Physicians or patients may
find it difficult to accept that the treatment a patient
receives is determined by some arbitrary or random allo-
cation scheme that is not derived from an individual clin-
ical judgment. The justification for interventional studies
is methodological. In observational studies, the treat-
ments under study are always allocated in some way
according to the characteristics of a patient or his/her
disease; thus, it is never known, whether differences
between groups are due to the treatment or to the differ-
ent characteristics confounded with the treatment effect.
For example, when comparing patients who receive
bystander CPR with those who do not, the former group
might be favored by being younger, with fewer co-morbid
diseases, and thus bystander CPR might look more favor-
able in a study than it does in the real world. The differ-
ences may be measured and statistically corrected by
adjustment, but there will always be some differences
between groups in characteristics that cannot be or were
not measured, introducing a hidden bias. In principle, this
possibility limits the conclusions from observational
studies. This problem can be overcome by artificial (opti-
mally random) allocation of the patients to the treatments,
so that all treatment groups under comparison have the
same chances of success if treatments are equally effec-
tive. This argument alone renders randomized controlled
trials sufficient and necessary to collect strong evidence
on the efficacy of a treatment, despite ethical and practi-
cal concerns.

Interventional studies cannot be avoided if a high stan-
dard of internal validity is required. On the other hand, a
high standard of external validity and reflection of ‘real
world’ performance of a therapy can be accomplished
more easily by observational studies. Nonetheless, the
choice between the two approaches is determined by the
practicability of the study (e.g., recruitment, timing of pro-
cedures), the potential participants, conclusions to be
drawn, final acceptance in the scientific community and
opportunities for publication. It is difficult or seem to be
impossible to randomize resuscitation trials, in particular
when early defibrillation,12,13 bystander CRP,14,15 or early
call for ambulance is studied; on the other hand, the pub-
lished observational studies raise concerns about con-
founding factors that may have biased the results.

Confirmatory vs. exploratory analysis
At the end of the study, the groups are usually compared
for a wide variety of results in order to receive a complete
picture of all clinical aspects. While this approach reflects
the desire of a physician not to miss anything of relevance,
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it has the risk of overinterpretation of chance findings.
Thus, the thorough search for differences is “frowned
upon” by methodologists as “fishing expeditions.” In con-
trast, to control random effects and error probabilities in a
scientific study, the pre-specification of what is called
‘primary analysis’ is required, consisting of the exact defi-
nition of a primary endpoint, statistical hypotheses on
the differences between groups, establishing a method of
statistical evaluation, and a sample size calculation.
The hypothesis to be tested is derived from a therapeutic
model and from previous experience. The model is
obtained by integrating the assumed mechanism of action
of the intervention to the pathophysiology of the disease.
Past experience is published from relevant studies of any
kind before the start of the new trial. In principle, it is pos-
sible to have more than one primary endpoint in a trial,
but this requires a larger sample size or a prior ordering of
hypotheses that may be wrong, so the restriction to one
endpoint is usually recommended.

In general, an analysis as described, with pre-specified
hypotheses and evaluation schemes, is called ‘confirma-
tory’ since it is performed to confirm a pre-specified
assumption. This approach is the only generally accepted
way to attain a high level of evidence for a presumption. All
other comparisons between study groups are called
‘exploratory’ since they can only generate new possibili-
ties, but not prove them. Further studies are required to
confirm these new hypotheses.

It is of utmost importance when dealing with study
results to distinguish those that are confirmatory from
those that are exploratory of, for example, a randomized
trial. The results of analyses that were not specified before
the trial cannot be taken for granted even if they stem from
a randomized study.

In the Appendix, a randomized controlled study was per-
formed. It was pre-specified that vasopressin treatment
should be compared to epinephrine treatment with respect
to survival to hospital admission. No significant difference
was found between treatment groups. Surprisingly, better
performance was found in patients who received epi-
nephrine after unsuccessful use of vasopressin. Since this
comparison was neither pre-specified, nor randomized,
however, a new hypothesis that possibly vasopressin and
epinephrine should be given in combination was gener-
ated, but not proven. This would require a new randomized
controlled trial.

Once the objectives of the study are defined and the fun-
damental decisions are made, study type, study popula-
tion, endpoints, and sample sizes have to be settled in the
study protocol. These partly technical points are discussed
below.

Study types

Responses, factors, and covariates
In general, clinical studies are designed to evaluate the
influence of certain characteristics, exposures, or treat-
ments (called ‘factors’ if discrete and ‘covariates’ if contin-
uous, by statisticians) on clinically relevant endpoints
(called ‘responses’ by statisticians).

The number of variables to be studied in cardiac arrest
epidemiology research is substantial. The endpoints mostly
deal with aspects of survival, e.g., immediate survival (i.e.,
return of spontaneous circulation), admitted alive to hospi-
tal, alive after 24 hours, alive at hospital discharge, alive at
1 month after cardiac arrest, and alive at 6 months after
cardiac arrest, cerebral function, and quality of life. Few
studies in the past have been adequately powered to address
whether an intervention can increase survival to discharge
from hospital. But in the future, more studies should be
powered to address this issue and also to address whether it
is possible to increase the proportion of patients who
survive to hospital discharge with good cerebral function.

Factors and covariates include (a) demographics, (age,
sex and co-morbidity), (b) circumstances around the
cardiac arrest (witnessed status, place, etiology, presenting
rhythm, time of day, week and year), and (c) aspects on
treatment (including delay to start of treatment, use of
medication, intubation, and so on).

Prospective, cross-sectional, and retrospective sampling
There are three sampling schemes that permit the associa-
tions of endpoints and factors to be studied. In cross-
sectional studies, a target population is examined for the
coincidence of factors and responses. In prospective
studies, patients are sampled according to the exposure or
treatment of interest, and the subsequent responses are
observed. In retrospective sampling, cases (patients with
critical outcome) are matched with similar controls
without critical outcome, and exposure or treatment is col-
lected from records. Each of the sampling schemes has
advantages and disadvantages. Statistical analysis should
be oriented according to the sampling scheme.

Observational studies: register, cohort studies, case-
control studies
Medical registers document specific health care situations.
Thus, external validity is of highest priority. Registers are
observational by nature. Complete documentation of all
cases or cross-sectional sampling (preferably random
sampling) are natural approaches. The limitation of regis-
ters is the lack of internal validity because of significant
confounding. Hence, registers are sometimes not valued
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by scientists who are only interested in first-class evidence
for cause–effect relations. Recent experiences with safety
problems in licensed drugs, however, have raised aware-
ness that registers are indispensable for pharmacovigi-
lance and optimization of use of principally effective
treatments in daily life. In particular, in resuscitation med-
icine, there is an urgent need for registers, since routine
data are collected according to local customs and cannot
easily be compared or combined.

While medical registers are well suited to give an overall
picture of the epidemiology and practice of resuscitation
medicine (objective 1), they may be suboptimal for address-
ing specific research questions on certain accustomed or
newly introduced interventions (objective 2). If suspicion is
raised that there is a problem requiring a quick answer, or if
study funds are severely limited, case-control studies that
apply retrospective sampling, as described above, are good
choices. Today, these studies can frequently be performed
by selection from existing databases, possibly after linkage
of different sources of information. Two limitations of case-
control studies cannot be overcome, however: (1) missing
data can usually not be retrieved retrospectively; and (2) cri-
teria for choice of controls are usually neither unique nor
exhaustive; different choices of controls may affect the
result of the study, leaving researchers unable to assess
which analysis they should trust.

Within the observational approach, both limitations can
be overcome by a prospective study design. The collection
of data can be monitored, and there is a natural control
group: the unexposed or not treated patients. Two types of
prospective studies are common: studies with historical
controls, and cohort studies.

If a new treatment is introduced and data are collected,
the observed successes can be compared with the previous
successes in the same unit before the new treatment was
introduced. Such a control group of patients is called ‘his-
torical’. For example, the hypothesis that early chest com-
pression prior to defibrillation improves survival stems
from a historical control study.16 In this study a new routine
(early chest compression) was introduced and outcome
after ventricular fibrillation was compared before and after
introduction of this new routine. The limitations of this
approach are obvious: other aspects might have changed as
well, including the study population, the skilfulness of the
ambulance crew, and other treatment regimens. In studies
with historical controls, the general medical progress is
attributed to the new treatment and takes it piggy-back.
Thus, a subsequent randomized confirmation trial will fre-
quently end in disappointment. In consequence, a study
with historical controls alone cannot be relied upon if a new
treatment is considered for routine application.

In cohort studies, groups are prospectively and simulta-
neously sampled according to the treatments under study
and are subsequently observed by identical procedures.
The disadvantage of this study type is that it may be pro-
longed until a sufficient number of endpoints is reached,
and the study may be expensive. On the other hand, this
study type produces the most reliable results of all obser-
vational studies. Cohort differences in observed baseline
variables can be controlled by statistical model building.
The resulting adjusted effect estimates should be the
primary endpoints. Hidden biases may occur, however,
and thus spurious results cannot be excluded even if the
cohort study meets high quality standards. Only interven-
tional studies can overcome this limitation.

Interventional studies: randomized controlled trials,
superiority, non-inferiority and equivalence trials,
cluster-randomized trials
Randomization results in an equal distribution of
chances between treatment groups. Thus, effects can be
analyzed relying on the laws of probability. Observed
group differences that are unlikely in case of no effect can
thus be ascribed to the intervention with controlled error
probabilities.

While randomization balances the baseline chances,
however, a random treatment allocation does not exclude
every sort of bias that can occur during the follow-up.
For example, it is possible that after randomization the
patients in the intervention group are consciously or
unconsciously better treated or more thoroughly observed
by physicians than are patients in the control group. To
avoid such biases, the optimal approach is to keep patient
and physician blinded as to the group in which the patient
is enrolled. This can easily be accomplished if, for example,
the study intervention consists of a drug to be infused, and
a saline infusion that looks identical can be given to a
control patient. If the intervention consists of the applica-
tion of a mechanical device or a change in the order of
treatments, however, blinding may be impossible. In this
case, at least the evaluation of treatment successes should
be done by a person blinded to the treatment allocation
(‘blinded reading’).

In planning a randomized controlled trial, the appropri-
ate choice of the control treatment is important.17 The
control may be inactive (e.g., placebo) or active (e.g., tradi-
tional intervention). It is particularly important to include
three factors: (i) what doctors or other health care providers
usually accomplish in their practice; (ii) what is recom-
mended by guidelines; and (iii) the available evidence. If the
available evidence does not demonstrate that an already
known treatment is efficient, the appropriate choice is
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inactive. Therefore it can be argued that, for example, vaso-
pressin in a number of studies has been compared with
adrenaline (a treatment without scientific documentation
in cardiac arrest) instead of placebo. Naturally, adrenaline
has been used because it is recommended in guidelines.

In so-called superiority trials, the intervention must be
shown to be better than the control. This is usually the case
if the control is inactive or the intervention is supposed to
improve the therapeutic efficacy. In some cases, however,
the new treatment is not required to be more effective, but
only easier to be applied, more tolerable, or safer than is a
standard therapy. In this case, only non-inferiority or
equivalence with respect to survival is required. Contrary
to what would be expected, non-inferiority trials are
harder to perform since the new therapy must prove to be
not worse than the old one, but it also requires that the trial
would have been able to demonstrate a clinically relevant
difference, i.e., had a sufficient sample size and quality.
Thus, non-inferiority trials require previous knowledge of
the effect size of the standard therapy and huge sample
sizes, which may explain why non-inferiority trials so far
have been rare in resuscitation medicine.

Usually, individual patients are randomized. Some-
times, however, interventions cannot be fitted to an indi-
vidual patient, but require that a center be reorganized,
and the intervention has then to be performed in every
patient included in that specific center. In this situation,
centers or time periods can be randomized instead of
patients. Such trials are called cluster-randomized. They
have to be analyzed differently from individually random-
ized trials since patients of the same cluster will be more
similar than patients from different clusters, compromis-
ing the usual independence assumption of classical statis-
tics. The statistical quality of such trials is governed by the
number of clusters rather than by the total number of
patients. A minimum of 30 clusters to be randomized per
group is usually postulated. Cluster-randomized trials are
thus not very efficient, but frequently this approach is the
only way to study complex interventions in the hospital
or ICU.

Technically, the best way to randomize is by telephone,
which cannot be manipulated in case of local irregularities.
Nevertheless, this kind of randomization is expensive and
not always practicable. Out-of-hospital studies are some-
times better performed by using randomization envelopes
or coded study drugs. Irrespective of the method, however,
randomization is crucial in such studies and this must be
explained in detail to physicians and patients or their rela-
tives to be accepted. Moreover, it has to be taken into
account that some people will wish to crack the codes just
because it is forbidden.

Summaries: systematic reviews, meta-analysis,
metaregression, pooled analyses

An essential part of clinical research is the regular
summary of evidence from studies. This can be done quali-
tatively as a systematic review, by using formal methods of
meta-analyses or meta-regression, or by pooling the indi-
vidual data of the patients. The last mentioned is the
most informative, but also the most elaborate and time-
consuming. Quantitative methods rely heavily on advanced
statistics and should be performed with great care.

Study population

Criteria for including patients in randomized
clinical trials
Study populations can be defined as restrictive, to achieve
homogeneity, or liberal, to achieve generalizability. If
internal validity is found to be most desirable, homogene-
ity is advantageous since sample sizes can be reduced
and trials will be shorter, but external validity may be com-
promised. Liberal inclusion criteria allow better general-
ization but are more expensive. In drug development,
restrictive inclusion criteria are applied in phase II, if proof
of principle is sought. Liberal inclusion criteria are
mandatory in phase III trials to confirm broad clinical effi-
cacy. In principle, similar considerations should apply to
resuscitation trials.

Most cardiac arrest trials tend to include cases with a
presumed cardiac etiology in order to make the patient
groups more homogeneous. Nevertheless, patients with
other etiologies, including cerebral hemorrhage, will occa-
sionally be included as well. It will be extremely difficult to
evaluate the effects of interventions on subsets of cardiac
arrest patients other than those with a presumed cardiac
etiology, because these subsets are likely to be very small.
Thus, it may be argued that all cardiac arrests should be
included regardless of etiology, if there is no reason to
assume that the intervention is particularly advantageous
for patients whose arrest had a cardiac cause.

When evaluating the impact of a new intervention in
cardiac arrest, patients with a prolonged delay between
collapse and start of the intervention have not been
included. Such a decision is based on the assumption that
the chance of resuscitating a patient with a prolonged
delay is extremely low, and therefore the inclusion of such
patients will only weaken the chance of proving the effi-
cacy of the intervention. Consequently, patients with a
non-witnessed cardiac arrest and those with a delay above
a certain time limit from either collapse or call for ambu-
lance until start of the intervention are often excluded from
participation. Although this might be a wise decision, it is
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important not to make the upper time limit too short, as
this would limit the proportion of “available” patients to be
included and if the intervention turns out to be positive,
there will always be problems how eventually to extrapo-
late the data from the trial to clinical practice.

Similarly, previous interventions often have specifically
addressed patients with a variety of rhythms admitted by
the ambulance crew. For example, when evaluating the
impact of an anti-arrhythmic agent on outcome, it would
be logical to study patients in ventricular fibrillation. It has
sometimes been argued that patients in asystole are found
so late in their course, that the chance for rescue is
minimal, even with the best of interventions. Perhaps it is
wise to include patients with all types of rhythms in inter-
vention trials, except for those on antiarrhythmic agents,
and clearly state in the protocol that a secondary hypothe-
sis will be to analyse separately the results of the inter-
vention in the three major rhythm groups: ventricular
fibrillation, asystole, and pulseless electrical activity.

Sample sizes

The requirement of representiveness and the desire to
identify prognostically relevant factors or to collect evi-
dence on treatment effects influence sample size require-
ments of clinical studies on resuscitation, both
observational studies and clinical trials. To provide a rep-
resentative cardiac arrest population, the sample size gen-
erally needs to be substantial, owing to the heterogeneity
of patient populations. This is particularly true when
subset analyses are to be performed, such as a description
of men versus women, or patients with a shockable versus
a non-shockable rhythm. Nevertheless, clinically relevant
treatment effects can be small in a statistical sense and
thus require big trials, particularly for survival endpoints in
cardiac arrest because of the low survival rates.

If a confirmatory analysis is prespecified, e.g., in ran-
domized controlled trials, a formal power calculation for
determination of sample sizes is possible and desirable.
The power of a trial is its ability to provide evidence to
support the existence of the postulated treatment effect.
Therefore, it should not only have sufficient statistical
power but also pharmacodynamic power (i.e., optimal
dose for a medication, or regimen for a mechanical device)
and design power (optimal design). The power of a trial
usually refers to statistical power, which indicates the
chance that the expected difference could be detected at a
pre-specified level of statistical significance. Sample size
calculation is implemented so as to have a high chance of
detecting a worthwhile effect, if it exists, and concomi-
tantly to be reasonably sure that no such benefit exists if

it is not found in the trial. Obviously, the greater the power
of the study, the more convincing the trial, but a greater
power requires a larger sample. The vast majority of clinical
trials aiming at evaluating the impact of various interven-
tions in cardiac arrest have been underpowered, and thus
have been too small to detect an improvement in long-
term survival, such as discharge alive from hospital. Unless
the true treatment effect is large, small trials can yield a -
statistically significant result only if, by chance, the
observed difference in the sample is much larger than the
real difference.

Whereas it is evident that a formal sample size calcula-
tion is advantageous before start of a trial, the precision of
a formal sample size calculation should not be overesti-
mated. Formulae produce exact counts that look (pseudo)
precise. But the input to the formulae consists of rough
estimates of effect sizes and variances. Clearly, the calcu-
lated sample sizes cannot be more precise than the input,
that is, previous knowledge from earlier studies. The risk of
missing adequate power is always substantial and must be
accepted, as inevitable, by the study participants. There is
no silver bullet for trial success. Sample size calculations
should thus be understood as an instrument to give a
rough idea of the required efforts and the risks of a study.
Nevertheless, once the sample size is fixed in the protocol,
every change has to be justified to avoid the suspicion of
manipulation of the results.

Data collection

Data exchange

The classical instrument for data exchange between
centers and data management is the Case Record Form
(CRF). The development of a CRF is not easy: it must be
explicit, unequivocal, unambiguous, and complete; the
order must be accurate, clear, concise, and easy to com-
plete. Any mistake in the CRF will subsequently require
considerable corrective work, and may result in misun-
derstanding, data losses, and errors. Frequently, CRFs are
produced under pressure since everybody is anxious to
begin the study. Nonetheless, we recommend testing the
final CRF with a few pilot patients and, if necessary, to
improve it.

Today, electronic CRFs, data exchange, and even data
entry via the internet are used more frequently. Although
electronic media simplify the process and allow immediate
plausibility checks, the technical standard at each site must
be of high quality to be successful. Data safety and security
must be guaranteed. While CRFs are documents that can be

Clinical resuscitation research 211



used for source verification and reconstruction of data at
any time, files can (and will) accidentally be lost, overwrit-
ten, exchanged, or deleted. In particular, in out-of-hospital
resuscitation medicine, documentation should be easy to
handle independent of the location and time, so classical
(non-electronic) CRFs may be preferable in some studies.

Monitoring and auditing, plausibility checks

Data quality is absolutely essential in clinical trials,
or medical registers. Thus, monitoring (concomitant
assistance in data collection, for example, by study nurses/
monitors) and auditing (systematic checks and source val-
idation by an independent institution) are valuable instru-
ments, even if expensive, to guarantee the required level of
data quality. Alternatively, peer auditing among centers is
possible as described in the anecdotal report, (Appendix)
but may be less perfect.

The central database should perform prompt plausibil-
ity checks soon after the data are submitted and immedi-
ately ask for corrections or completion of missing data.
‘Clean file’ should be declared before any statistical evalu-
ation starts, unless interim analyses are required for the
trial to be continued.

Interim analyses

Interim examination of the data may be performed for
safety reasons or for efficacy. Both aspects cannot always
easily be separated. For example, mortality differences
between study groups should be considered for safety
reasons, but may at the same time be the primary efficacy
endpoint of the study. These issues are discussed below.

Safety interim analyses
Safety aspects should be considered regularly (e.g., for every
50 patients included) to protect the study participants from
harm. They are usually done informally. To avoid early stop-
ping due to chance clusters of adverse events in one of the
study groups, however, it is advisable to calculate p values,
adjusted for the multiplicity of inspections.

Efficacy interim analyses
At study start, the required sample size is estimated based
on limited knowledge. One method to deal with this
problem is to define milestones (numbers of patients
recruited, intervals in calendar time) when the sample size
or even the study design may be recalibrated, taking into
regard the last interim results and the growing body of sci-
entific knowledge from other studies. Actions after interim
examination of the data may compromise the intended

study goals, however. As an extreme example, consider a
researcher who examines the new data daily and calculates
the primary endpoint. If he stops the trial once the end-
point has crossed the significance border, he will end up
with a positive study with a probability far above the signif-
icance level, even if there is no treatment effect. This phe-
nomenon is called ‘alpha-explosion.’ To avoid such pitfalls,
such interim analyses of efficacy should be pre-specified
and complex calculations of the error probabilities per-
formed in advance. The result will be a group sequential
plan or an adaptive design. Sequential or adaptive designs
allow early stopping of the trial because of success or futil-
ity, as well as prolongation as a result of new power calcula-
tions, but only according to the pre-specified rules.

Efficacy interim analyses can only be useful if changes to
the study design or conduct are still possible. If recruit-
ment phase and treatment duration are short compared to
the follow-up interval, interim analyses are useless. In
resuscitation research, however, the recruitment phase is
usually long and the follow-up to the primary endpoint is
short, and thus efficacy interim analyses are frequently
mandatory to avoid longer studies than necessary.

Data and Safety Monitoring Board
The interim monitoring, analyses, and recommendations
should be performed by an independent Data and Safety
Monitoring Board (DSMB) comprising scientists not oth-
erwise involved in the study, in order to avoid conflicts of
interest. Ideally, a committee should consist of an uneven
number of members (three or five) for clear decisions, and
at least one of them should have statistical expertise.

Evaluation and interpretation

Analysis populations

The choice of the analysis populations will depend on the
objectives of the study. In medical registers or observational
studies, usually the maximal available dataset will be
applied that will be representive of the study population.
In randomized controlled trials, a valid superiority con-
clusion requires an endpoint comparison between the
random groups according to the intention-to-treat princi-
ple, regardless of the actual treatment, in order to avoid
masking of bad outcomes in one of the random groups by
treatment switch. In contrast, in non-inferiority trials, the
actual treatment groups should be compared, but only with
patients who were treated strictly according to protocol.
Safety evaluations should be performed with all patients
who received one of the study treatments at least once.
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Unfortunately, so far, most of the cardiac arrest databases
suffer from considerable missing information. A major
reasons is that a cardiac arrest is one of the most chaotic
events in medicine. Thus, missing data will continue to be
a serious challenge during the statistical analysis of the
study. Missing values may compromise conclusions even
from the primary analysis, in particular if the missing data
differ between study groups.18 Unless the percentage of
missing values is so small that it can have absolutely no
impact on results, there should be some means of handling
the missing data. Neither ignoring them nor excluding
patients with missing data will suffice. Instead, the applica-
tion of different methods of imputation and the report on
the results in terms of a sensitivity analysis is recom-
mended. Classical imputation methods like mean replace-
ment or LOCF (last observation carried forward) in
follow-up-studies are unsatisfactory. Maximum-likelihood
imputation or multiple imputation are methods of choice.

For evaluation of response systems and cardiac arrest
programs, accurate time registration is important. Often
reconstruction of the time of collapse is necessary.
Estimation of time intervals is hard in these circum-
stances,19 but an observer who can concentrate on the dif-
ferent time sources and correct them with a standard clock.
is most likely to be successful.

Choice of statistical method

In randomized trials with two groups, simple two-sample
comparisons will be sufficient. Adjustment for baseline
differences may slightly improve the power, but it is not
required.20 Subgroup analyses have to be pre-specified
and should be evaluated using so-called interaction tests
with p-value adjustment for multiplicity.21 The statistical
analysis plan should be finalized before unblinding the
study.

In contrast, in observational studies, adjustments for
factors and covariates are mandatory for confounder
control. Thus, statistical models have to be applied, partic-
ularly for longitudinal analyses/analyses of follow-up data
with complicated dependence structure that requires a
deeper understanding of modern statistical model-build-
ing tools.

Interpretation

Interpretation of study results is a major task, even if there
is agreement on the statistical evaluation. It requires the
close cooperation of physicians and biometricians since
neither group can overlook all the consequences and
pitfalls alone. Various plotting techniques are helpful for

communication. Effects should be presented with confi-
dence limits to give an account of other possible outcomes
that would only differ by chance from the observed one.
Conflicting views are frequent and may remain even after a
thorough and honest discussion. Convergence of opinions
is neither guaranteed nor required (not even in randomized
trials) and should be reported in the final publication. In
many cases, the result of a study is not what the authors had
expected when they started, and thus some may be disap-
pointed in the results. But the impact of a clinical study
depends on both confirmation of the expected and/or
detection of the unexpected, although the latter will need
confirmation in further studies. In this manner, any study,
either positive or negative, will contribute to a deeper
understanding of the disease or treatment under study and
will be reviewed and subjected to meta-analyses. In this
sense, a well-performed study is always successful.

Future aspects

Survival in cardiac arrest has remained relatively
unchanged during the last decades. One of the main
reasons is that clinical research has not contributed much
information on the documentation of effects of new inter-
ventions. The only hopeful major step forward so far, is
research on hypothermia.22,23

The solution to this dilemma lies in large randomized
clinical trials. If they were introduced it might be possible
to forecast a more marked improvement in outcome
during subsequent decades.

We need proper interventions to test, however, and most
important such trials must be interpreted adequately. This
means that the implementation of a new treatment must
be based on the results of these trials. Not before all these
requirements are fulfilled can we expect to see a more
marked improvement in outcome after cardiac arrest.
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Appendix: Experience with a large randomized
clinical trial in cardiac arrest

It started in the early 1990s, when it was found that sur-
vivors of prehospital cardiac arrest had significantly higher
endogenous vasopressin levels than did non-survivors.1

Multiple experiments in the laboratory followed, which
confirmed that vasopressin resulted in superior effects
compared with epinephrine during CPR;2–3 further, neuro-
logical recovery was excellent even in pigs undergoing pro-
longed CPR;2 results from in-hospital- and out-of-hospital
CPR with vasopressin were promising as well;4 therefore,
we decided to organize a randomized controlled clinical
trial in Europe to determine effects of vasopressin vs. epi-
nephrine during out-of-hospital CPR. First, a team had to
be assembled in both Innsbruck, Austria to do the routine
work and organize the trial, and abroad to monitor
and control efforts. Colleagues from the European
Resuscitation Council offered help. The next step was to
provide the study protocol, which obviously required
important decisions with respect to inclusion/exclusion
criteria, sample size (N�1500), randomizing centers
(German-speaking countries Germany, Austria and
Switzerland proved to be the most appropriate since every-
body involved spoke the same language), and study end-
points (hospital admission and hospital discharge). The
importance of the protocol should not be underestimated;
bad decisions preclude any subsequent success – multiple
face-to-face meetings were beneficial in assessing advan-
tages vs. disadvantages of the protocol.

One continuous threat to the study was lack of funding,
which was in large part due to the expired patent of argi-
nine vasopressin. Although we were able to organize funds
for the study itself, we were never able to pay anybody for
personal efforts. One major expense was travel costs;
another big expense was the drug we studied. At first, we
had to buy hundreds of arginine vasopressin ampoules;
we later convinced the manufacturer to donate arginine
vasopressin to us; however, even the manufacturer
himself had several unanticipated delivery problems. The
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study drugs were prepared by a pharmacist in Belgium in
a clean-room laboratory in his spare time at night and
weekends without pay – he was only reimbursed for
expenses for supplies, and a large box of chocolate which
he donated to his technicians. From Belgium, the study
drugs were shipped to Innsbruck, and sent to the partici-
pating centers. During one particularly tense situation
with several centers on the brink of running out of study
drugs, we had a courier drive the 900 km from Antwerp,
Belgium to Innsbruck with the drugs arriving on
Christmas Day – they were shipped out to participating
centers immediately. The third large expense (�100
Euro/patient) was the patient’s insurance to be covered
should severe unanticipated complications occur; this
was first paid by us, and then sponsored by Pfizer Inc.

Organizing the study itself was the next, exhausting
step-two dozen institutional review boards in three coun-
tries had to be convinced that the study was worthwhile.
Interestingly, many institutional review boards were
pragmatic and accepted each other’s decision; however,
some wanted to have the protocol changed during the
study, and one institutional review board did not under-
stand our intention to randomize between treatment
arms. Almost all institutional review boards required
adaptations of the informed consent form. With the insti-
tutional review board’s approval, we traveled thousand of
kilometers in central Europe to meet and convince col-
leagues responsible for emergency medical services to
randomize patients for the study. This was generally no
problem, but it had to be done personally- and many
friendships developed.

With the start of the study, the case record form had to be
entirely self-explanatory to ensure that the protocol was
followed in detail. The study drug kit was self-made, and
our medical students were frequent visitors to the local
post office hauling material for the study. The study was
very well received, and many people supported us who did

not benefit from it at all – for example, we first considered
black film boxes as containers for the study drugs, and
received 1000 of them free one day after a single phone call.
Once the study started, grant applications had to be
written again: while many applications were rejected, in
some cases money surfaced from areas we did not expect;
total cost without any salary support was �250, 000
Euro/US-Dollars.

During the study, we sent to the 44 randomizing emer-
gency medical services in 33 cities packets with coffee with
a sticker on each pack entitled “We are unable to pay you
for your efforts, but may we invite you for a cup of coffee?”
A regular newsletter about any new development ensured
continuous updating. Despite all efforts, money was
running out in Spring 2002, and we had to stop the study;
however, 1219 patients had been randomized. We ensured
data quality by doing several cross-checks in the data base
(example: did the code of a study drug being sent to
Hamburg, Germany, return from Hamburg, Germany?);
also, two separate blinded investigators verified that ori-
ginal data were adequately entered into the database.
Data analysis should not be underestimated; it is compli-
cated and must be absolutely correct. The database had to
be ready to be handed to, for example, Government
authorities, who may cross-check any analysis.

These enormous efforts ended up with results indicating
no overall difference between vasopressin and adrenaline
in terms of survival after out of hospital cardiac arrest.
Nevertheless, the study generated several interesting
hypotheses: (1) compared with adrenaline vasopressin
might improve survival among patients found in asystole;
(2) among patients with a more complicated cardiac arrest
the combination of vasopressin and epinephrine might be
more advantageous than either drug alone;5,6. These two
hypotheses need to be tested in further prospective clin-
ical trials. Such trials are already being planned (P.Y.
Gueugniaud, personal communication).
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Introduction

Over 300 000 Americans die each year from catastrophic
medical and surgical emergencies.1,2 New interventions,
based on sound research, could save lives. These research
studies must be done in an ethical framework that trad-
itionally includes obtaining prospective informed consent
from the research subject. The ethical framework for the
conduct of Human Research began with the development
of the Nuremberg Code3,4 in 1949. This code states that
(1) informed consent of volunteers must be obtained
without coercion of any form, (2) human experiments
should be based on prior animal experiments, (3) the
anticipated scientific results should justify the experiment,
(4) only qualified scientists should conduct medical
research, (5) physical and mental suffering should be
avoided, and (6) no death or disabling injury should be
expected from the research study.

The Declaration of Helsinki5 was issued in 1964 and
defines rules for clinical research. It repeats the ethical
concerns stated in the Nuremberg Code, but also gives a
provision for enrolling certain patients in clinical research
without their consent, by using either proxy consent, or
waiver of consent in minimal risk studies.

The subsequent Belmont Report,6 which was published
in 1979, is the cornerstone of ethical principles upon which
current federal regulations for the protection of subjects are
based. The Report conveys the three major premises of
ethical conduct of studies: respect for persons, benefi-
cence, and justice. The Report also provides elements used
by Institutional Review Boards for evaluating the ethical
standards for individual research proposals. The ethical
principles presented in both the Belmont Report and the

Declaration of Helsinki have been expanded and clarified
in the most recent guidelines published by the Council for
International Organizations of Medical Sciences (CIOMS),7

especially for providing guidelines for applying ethical
standards in local circumstances.

A dilemma arises in research studies of interventions for
life-threatening emergencies, such as cardiac arrest, cata-
strophic neurological emergencies, and some instances of
major trauma. In these circumstances, a victim may be eli-
gible for a research study, but be unable to give prospective
consent because of unconsciousness, or severe alteration
in cognition, caused by the life-threatening emergency.
Often with such research protocols, the subject must be
enrolled immediately so that the potential physiological
effects of the experimental intervention can be maximized
before the onset of irreversible organ damage.8,9

The FDA defines the “therapeutic window” as “the time
period, based on available scientific evidence, during
which administration of the test article might reasonably
produce a demonstrable clinical effect.”10 It is this thera-
peutic window that is limited or non-existent for research
studies of life-threatening emergencies. There generally is
not time to seek out a legally authorized patient represen-
tative for disclosure and consent. In addition, consent
under such emergency circumstances may not meet the
standards of informed consent, since there is little time for
the investigator to explain the study, and little time for the
patient representative to assess the various treatment
options available.11 In addition, the emotional state of the
patient representative may eliminate the possibility of
reflecting objectively on the situation. Obtaining informed
consent is especially difficult in pediatric populations
where it has been shown that “the emotional trauma of the
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diagnosis decreases a mother’s ability to absorb and
understand vital information, and the emergent nature of
the children’s condition and the urgency to begin treat-
ment further compromise informed consent.”12

Clinical trials involving research on emergency patients
who were unable to give prospective informed consent were
traditionally carried out in the United States by either
receiving a waiver of informed consent from the local IRB,
or by deferred consent.13,14 In 1993, however, the Office for
Protection from Research Risks (OPRR) at the National
Institutes of Health and the FDA questioned the legality of
the deferred consent practice (45 CFR 46.102(i)).15 Because
of problems with obtaining consent in studies of life-
threatening emergencies,16,17 and its impact on performing
such studies, a Coalition Conference of Acute Resuscitation
and Critical Care Researchers was held in October 1994.
Representatives from over 20 organizations participated in
discussions that explored informed consent in emergency
research and produced consensus recommendations.18 In
1996, the FDA and the Department of Health and Human
Services published regulations (21 CFR 50.24)19 for the ethi-
cally and legally acceptable conduct of emergency research.
Emergency research must operate under exemption from
consent, either because of no or minimal risk, or through
community exception of consent regulations as outlined by
the Office for Human Research Protections (OHRP) and the
FDA. These guidelines aim to protect patients from partici-
pation in a study they would not consent to if they had
decisional capacity. For research that is subject to FDA reg-
ulation (i.e., conducted under an Investigational Device
Exemption (IDE) or Investigational New Drug (IND)
permit), exception from consent can be applied to emer-
gency research if explicit criteria are met (Table 11.1): (a) an
IDE or IND is in effect; (b) the research involves human sub-
jects who cannot consent because of their emerging
life-threatening medical condition for which available treat-
ments are unproven or unsatisfactory; (c) the intervention
must be administered before informed consent from the
patient’s legally authorized representative is feasible; (d) the
sponsor has prior written permission from the FDA; (e) an
independent data monitoring committee exists; and (f) the
relevant IRB has documented that these conditions were
met. In addition, the ethical framework for performing such
studies mandates that there is an independent assessment
of the risks and benefits of the protocol.

For all research that is supported by federal funding (e.g.,
NIH), even if the study does not use a drug or device regu-
lated by the FDA, similar criteria are required to determine
whether exception to informed consent is warranted for an
emergency research study. Further, for research that is not
supported by federal funding or subject to FDA regulation

(e.g., a trial of a novel method of manual cardiopulmonary
resuscitation), IRBs generally apply similar criteria to
determine whether exception from consent is warranted
for an emergency research study.

Prior to the initiation of the study, Community
Consultation and Public Disclosure must be provided for
each emergency research protocol for which an exception
from informed consent is requested.19 In March 2000, the
FDA issued “Draft Guidance” to help clarify the concepts of
community consultation and public disclosure.10 This
report stated: “[C]ommunity consultation means provid-
ing the opportunity for discussions with, and soliciting
opinions from the community(ies) in which the study will
take place and from which study subjects will be drawn.”
The three primary goals of the community consultation
process are: (1) to explain the nature of the research, with
its attendant risks and benefits; (2) to state that informed
consent will not be obtained from individual subjects prior
to study participation; and (3) to explain the process by
which potential subjects can refuse to participate in
research studies.10 The FDA guidance defines public dis-
closure as “. . .dissemination of information about the
emergency research sufficient to allow a reasonable
assumption that communities are aware that the study will
be conducted, and later, that the communities and scien-
tific researchers are aware of the study results.”10

The regulations indicate that each IRB is to exercise its
own discretion in determining appropriate community
consultation activities and public disclosure, allowing con-
siderations specific to the local community(ies) to be taken
into account. The regulations do not explicitly state the
amount or types of community consultation and public
disclosure that are required to achieve compliance,
although the FDA Guidance document does give some
general considerations.10 These requirements for commu-
nity consultation and public disclosure, although reason-
able, sometimes lead to delays in obtaining approval for
research studies that use the emergency exception process.
Each IRB may lack experience in determining what types of
consultation and disclosure are necessary. In addition,
there is ambiguity in the regulations as to how individual
IRBs should implement such community consultation and
public disclosure. In a study in 2003, Shah and Sugarman
examined emergency research protocols at 36 centers and
reported that to satisfy the public disclosure requirement
the majority of these centers used a one-way disclosure
method (press releases, institutional and local newsletters,
radio and television announcements). A minority of the
centers reported using two-way disclosures with the com-
munity, including public forums, telephone polls, and
written communications.20
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Table 11.1. Summary of the exception from informed consent requirements for emergency research (21CFR50.24)

Justifications

(1) The research involves a medical condition or situation in which:

(a) Human subjects are in a life-threatening situation.

(b) Available treatments are unproven or unsatisfactory.

(c) Evidence is necessary to determine the safety and effectiveness of particular interventions.

(2) Obtaining informed consent is not feasible because:

(a) The subject is not able to give consent due to his or her medical condition;

(b) The intervention must be administered before obtaining consent from legal representative is feasible.

(c) There is no reasonable way to identify eligible subjects prospectively.

(3) Participation holds out the prospect of direct benefit to the subjects because:

(a) Subjects face a life-threatening situation which requires intervention.

(b) Preliminary investigations, including animal studies, and related evidence suggest that this intervention may provide a direct

benefit to the individual subject.

(c) The risks are reasonable.

(4) The clinical investigation could not practicably be carried out without the waiver.

Obligations of the investigator

(5) The proposed study protocol defines the length of the potential therapeutic window, and the investigator:

(a) Commits to attempt to contact and, if feasible, to obtain consent from a legally authorized representative for each subject

within that window of time; and

(b) If a legal representative is not available, commits to attempt to contact within that window some other family member and ask

if that family member objects to the subject’s inclusion; and

(c) Will summarize the efforts made to contact legal representatives and family members and make this information available to

the IRB at the time of continuing review.

(6) Consultation with representatives of the communities in which the research will be conducted.

(7) Public disclosure to the communities where the research is conducted:

(a) Prior to initiation of the trial regarding the study plans, risks and benefits;

(b) After completion, of the results and subject demographics.

(8) Perform the study under a separate investigational new drug application (IND) or investigational device exemption (IDE) from the

Food and Drug Administration, even if an IND or IDE already exists.

Obligations of the IRB

(9) The IRB has reviewed and approved procedures and documents for:

(a) Use in situations when obtaining informed consent is feasible;

(b) Use when providing an opportunity for a family member to object is feasible.

(10) The IRB is responsible for assuring that procedures are in place to:

(a) Inform each subject, or a legally authorized representative or family member (if the subject is incapacitated) of his or her

inclusion in the study and details of the study;

(b) Inform each subject or representative that he or she may discontinue participation in the trial;

(c) Inform subjects who become competent after initial notification to representatives of incompetent subjects;

(d) Inform a legally authorized representative or family member of subjects who die prior to notification about the trial.

(11) If an IRB determines that it cannot approve a proposed study because it does not meet the criteria for justifying the need for a

waiver or for other ethical concerns, the IRB must provide these findings promptly to the investigator and sponsor in writing.

(12) The IRB must retain the determinations and documentation required by the above regulations for three years after completion of

the investigation.

Obligation of the sponsor

(13) Develop the protocol in collaboration with appropriate investigators.

(14) Establishment of an independent data monitoring committee to exercise oversight of the clinical investigation.

(15) If an IRB denies approval of a protocol per item 12, the sponsor of the investigation must promptly disclose this information to the

FDA, the clinical investigators and other IRBs that have been or are asked to review the same or a substantially equivalent trial.

The sponsor must track all information disclosed and assure that disclosed information in placed on the FDA’s public docket.



Effect of 21 CFR 50.24 on study approvals

Standardization of community consultation and public
disclosure are necessary because there has been inconsis-
tent interpretation of current procedures for implementing
research with the exception of informed consent process.
There are significant variations in local IRB’s interpretation
of what is necessary for fulfilling the FDA requirements for
community consultation as well as what constitutes the
proper venue for the community to provide feedback.
These variations make it difficult for the investigator to
“guess” what will be necessary for IRB approval in this
section of the regulations and this often significantly pro-
longs the approval process. IRB membership and experi-
ence change over time so that the investigator is faced with
an ongoing and evolving set of criteria that needs to be met
for initial, as well as, continuing approval. Local IRBs place
very different demands on different investigators, some-
times making it so onerous to perform Exception of
Informed Consent research in certain circumstances that
the research is simply not performed, or is moved outside
the USA,21–23 resulting in a lack of availability of potentially
life-saving therapies to the entire population.

In addition, the process of community consultation and
feedback can be extremely costly and time-consuming.
Current processes vary substantially from institution to
institution. Financial implications, therefore, vary widely
from investigator to investigator. It is very difficult for
investigators to know how much money to include for con-
sultation costs, because the costs vary greatly from one IRB
to another.

In one large multicenter trial of 24 sites studying defib-
rillation approaches, it took up to 404 days (median 108),
up to 7 submissions (median 2), and cost up to $13,000
(median $1300) to obtain IRB approval.24 The types and
numbers of activities undertaken at each site to fulfill the
community consultation and public disclosure require-
ments were quite diverse. There were public meetings,
press releases, letters, brochures, newsletters, e-mails,
radio, television or print advertisements, notices, feature
stories, and radio and television appearances. Of over 1000
comments received, 96% were reported as “positive,” and
only 1% were reported as negative”.24 No IRB rejected the
project for approval on the basis of negative comments.
The experience from this trial in performing community
consultation and public disclosure under Exception to
Informed Consent demonstrates that despite numerous,
costly, time-consuming, and different methods, there was
minimal community input in this multi-center study, and
that what negative input was expressed did not prohibit
the conduct of the trial.

Effect of 21 CFR 50.24 on the number of research
studies performed

A number of groups have completed statistics on the
number of research studies performed before and after
21 CFR 50.24 was implemented. One group conducted
a MEDLINE search using the strategy: “Heart Arrest”
or “Cardiac Arrest” and “Human” not including Case
Reports.25 The results were hand-searched by two review-
ers for US cardiac arrest articles that met criteria for
Exception from Informed Consent. The group compared
the fraction of all publications on research in the US during
the 4 years since the promulgation of 21 CFR 50.24 to the
4 years before the moratorium.

Between 1990 and 1993 MEDLINE listed 1 090 395 clin-
ical publications, of which 46 were US cardiac arrest
studies meeting exception criteria; between 1997 and 2000
there were 1 288 460 clinical publications, of which 13 met
cri-teria (P � 0.001).25 Despite this dramatic drop in the
number of studies published, it was noted by the group
that publication delay may shift the effect time of these
events such that a study performed before the moratorium
appeared in the literature after the New Rule took effect.
This decrease may also represent a lack of familiarity with
the new Rule rather than an intrinsic negative effect of the
Rule on emergency research. They concluded, however,
that there has been a significant decrease in the number of
published US emergency human cardiac arrest clinical
trials under the new FDA Rule.

Effect of 21 CFR 50.24 on commercial entities

The effects of delays in obtaining study approvals can be
extreme for commercial entities, where each month of
delay incurs substantial cost to the commercial entity
because of ongoing requirements for operating expenses.
Companies that ceased commercial operations, and which
were attempting to perform studies to determine the safety
and efficacy of unapproved devices include Cardiologic
Systems, Inc,26 and Theracardia, Inc.23 It is unlikely that the
delays in study approval were the sole reason for the
demise of those companies, but they may have con-
tributed substantially. Other commercial entities have
opted to perform emergency medicine studies in other
countries, where approvals can proceed expeditiously.
Industry’s decision to move many trials on potentially life-
saving therapies for diseases where conventional therapies
are woefully inadequate to countries with less stringent
and ambiguous regulations may deprive the United States
population of the possible benefit of these interventions.
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Studies with non-approved drugs or devices

IRB approval can be even more difficult if the drug or
device to be studied has not been approved for sale by the
FDA. The issue for the IRB is that they are asked to approve
a research study where a drug or device that has not been
approved by the FDA is used on test subjects without their
consent, there is likely to be a fatal outcome because of the
inherent disease state, and the next of kin will be notified
of these details. In many emergency situations, such as
cardiac arrest, mortality may exceed 90%. This is obviously
why the research is critical. Because of the large numbers
of victims of these conditions, even small increases in sur-
vival could save many lives. Even if the experimental drug
of device would only reduce mortality from 90 to 80% –
that would translate into a potential saving of more than
20 000 lives per year for that one therapy. Some IRBs have
expressed great reluctance to approve such studies
because of fear of liability. They believe that they can be
successfully sued for enrolling research subjects into
research studies without the subject’s consent, even if
appropriate federal guidelines have been followed. In
general, companies sponsoring studies under an IND or
IDE of drugs or devices are required by the study sites (uni-
versities, and others) to provide indemnification (insur-
ance). This is a “cost of doing business.” Large companies
expect this. Small companies are often surprised, and the
need for expensive liability insurance can be a substantial
barrier to performing studies dealing with emergency
research.

Community consultation and public disclosure
template

The American Heart Association has published recommen-
dations for implementation of Community Consultation
and Public Disclosure.27 A template is presented that
(1) provides for quantification of the minimum require-
ments that an IRB might adopt, (2) gives examples to help
IRBs quickly become familiar with the process of imple-
menting and reviewing studies proposed with Exception to
Informed Consent, and (3) proposes that trials of interven-
tions approved by the FDA for the indication being studied
should require levels of community consultation and
public disclosure different from studies of unapproved
interventions. The template gives a common interpretation
of the requirements, and provides a list of actions accept-
able for the implementation of community consultation
and public disclosure.

Ethics

The guiding ethical principle for the template is that there
is a range of actions that are acceptable to protect subjects’
autonomy, depending on the risk of the study. The risk
referred to here is the incremental risk of participation in
the proposed study, over and above the risks of having sus-
tained a life-threatening emergency and being treated with
standard interventions. The higher the risk of the study, the
more stringent are the actions that are required to protect
subjects’ autonomy. Since there is a range of risk associated
with different study interventions, different levels of com-
munity consultation and public disclosure can be used to
balance subjects’ autonomy appropriately with the public
good.

A trial of an approved therapy should not require the
same level of community notification and consultation as
one where non-approved or not-generally-accepted inter-
ventions are being introduced for the first time. For inter-
ventions that were not approved by the FDA, the risk of the
therapy could be incrementally higher, and the level of
community consultation and public disclosure for the
study should similarly be higher.

It was, therefore, proposed that it is ethically acceptable
to stratify the intensity of community consultation and
public disclosure based upon the anticipated incremental
risks to subjects participating in a research study. It was
acknowledged that any research study may have unantici-
pated risks, but the argument for stratifying community
consultation and public disclosure was based on the rea-
sonable and prudent prediction of subject risk.

The proposal regarding stratifying community consul-
tation is analogous to how IRBs currently review research
protocols and informed consent documents. For example,
IRB review of a protocol that studies unlinked serum
samples will not require the same considerations as a
project involving the use of a novel immunosuppressive
agent in kidney transplantation. The study of unlinked
serum samples may be considered to have minimal risk
and therefore be eligible for expedited review, while
the transplantation study requires standard IRB review.
Similarly, the informed consent document may be shorter
and simpler for the serum sample study than for the trans-
plantation study. Indeed, for the transplantation study, the
IRB may suggest in addition to an extensive consent pro-
tocol, the use of supplemental educational material or the
involvement of a patient advocate to ensure that subjects
fully understand the risks, benefits, and alternatives to
participation. The point is that while all emergency
research that is not minimal risk requires some level of
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public disclosure and community consultation, emer-
gency research studies that have less incremental risk, and
are not politically and culturally controversial, may be per-
formed ethically with lesser degrees of community con-
sultation and public disclosure than would be needed for
high risk or controversial studies.

Stratification of risk

The template breaks studies into categories of minimal,
low, intermediate, and high incremental risk. Any sudden,
catastrophic, life-threatening condition places patients at
high risk for substantial morbidity and mortality. Instead of
paying heed only to the inherent risk of the underlying
disease, which is present whether the patient is enrolled in
the study or not, we recommend evaluating the incremen-
tal risk from participating in the proposed study. That
evaluation can then be used to determine the degree of
community consultation and public disclosure appropri-
ate for the proposed study.

Certain studies are justifiable without documented
consent under minimal risk criteria. Consider the study of
a therapy approved by the FDA for the indications being
studied being compared to another therapy that was
approved or did not need approval (e.g., manual CPR).
The study likely would carry a risk that was minimally
above the risk of being treated with either approved
therapy. In the absence of a research protocol, physicians
could ethically and legally choose to treat patients with a
life-threatening condition with either of these inter-
ventions. The only additional factors introduced by a
research study of these interventions are (1) that the
patients are being randomized to one of the approved
interventions, and (2) the loss of privacy and confiden-
tiality during review of the clinical record after the inter-
vention has been applied. Therefore, if the randomization
procedure does not introduce any significant delay in
applying the approved therapies, such a study is justifi-
able without documented consent under minimal risk
criteria. The rationale for not having an informed consent
document is described in the preamble to the final rule
for 21 CFR 50:

The agency thinks that it may not always be possible to develop a

meaningful informed consent document for continued partici-

pation in the research, because the relevant information may vary

significantly depending upon when it becomes feasible to

provide the information to the subject or legally authorized rep-

resentative. The agency is, therefore, not requiring that such a

form be developed. The agency notes however that Sec. 50.24

(a)(6) places the responsibility on the IRB to review and approve

“informed consent procedures and an informed consent docu-

ment” for use with subjects or their legal representatives, and

procedures and information to be used in consultations with

family members, in situations where use of such procedures is

feasible. [Page 51520]

During the comment period for these regulations, the
agency received feedback that the subject should be able to
choose to continue to participate fully in a study, to con-
tinue the intervention but not have their data included in
the research database or results, or to discontinue the
intervention and use of the subject’s data. This was rejected
on the following grounds:

FDA regulations . . . require investigators to prepare and maintain

adequate case histories recording all observations and other data

pertinent to the investigation on each individual treated with the

drug or exposed to the device. The agency needs all such data in

order to be able to determine the safety and effectiveness of the

device. The fact of having been in an investigation cannot be taken

back. Also, if a subject were able to control the use (inclusion and

exclusion) of his or her data, and particularly if the clinical investi-

gation were not blinded, the bias potential would be immense.

(Page 51520)

The factors that can help decide the degree of incremen-
tal risk added by a particular study are shown in Table 11.2.
It was proposed that IRBs use the following criteria to
determine incremental risk: (1) FDA labeling status of the
investigational therapeutic drug or device, for studies of
interventions; (2) an evaluation of whether the study intro-
duces any additional risk of harm over that of simply using
the investigational therapeutic drug or device (such as any
delays in applying therapy that may be introduced by the
randomization process); (3) the degree of invasiveness and
need for real-time clinical decisions, for studies of diag-
nostics; and (4) the potential sensitive nature of the study
from the community(ies)’ perspective, including political
cultural and religious considerations. For a therapeutic
intervention, therefore, the study would have minimal,
low, intermediate, or high incremental risk based on the
FDA labeling status of the therapy and the assessment of
whether there was minimal risk of being in the study (Table
11.2, “Intervention” row), unless it were placed in a higher
risk category based on the community(ies)’ sensitivity
(Table 11.2, bottom row). The same would be true for the
study of a diagnostic, where the type of diagnostic would
place it in minimal, intermediate, or high risk categories on
the basis of the degree of invasiveness, the need for real-
time decision-making, and whether the diagnostic is FDA-
approved (Table 2, “Diagnostic” row), unless it were placed
in a higher risk category by the perceived community(ies)’
sensitivity (Table 11.2, bottom row).

Consent for resuscitation research 221



Levels of community consultation and public disclosure

Once the degree of incremental risk is determined, it was
proposed that the amount and types of community con-
sultation and public disclosure be guided by Table 11.3. For
minimal risk studies, no community consultation or public
disclosure is required, although minimal community con-
sultation should be considered. For low incremental risk
studies, minimal community consultation would be
needed. For example, review and feedback from an appro-
priate group, committee, panel, or organization represen-
tative of the study community could allow appropriate
community consultation without excessive time being
needed to wait for public comment from a published

advertisement. Alternatively, there could be solicitation
through a website or public notices (such as through a
mass media piece), with a call-in number and/or web
address provided for feedback. For a high incremental risk
study, however, more community consultation would be
required, including an appropriate number of mass media
solicitations, community meetings, and contact with
prominent community organizations. Specific examples of
community consultations and public disclosures are avail-
able at: www.americanheart.org/emergencyexception. It
was emphasized that the recommendations of Table 11.3
are simply guidelines. Individual IRBs will set their own
standards based on their individual considerations. It was
also emphasized that involvement of the community
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Table 11.2. Assessment of incremental risk of research studies

Potential incremental risk added by study

Study Type Minimal Low Intermediate High

Intervention (1) FDA-approved for (1) FDA-approved (1) FDA-approved Not FDA-approved

(Device/drug) (2) proposed study (2) for proposed study (2) for clinical use, for any indication yet.

(2) indication (2) indication (2) but not for the

(2) and/or already in (2) and/or already (2) study indication.

(2) clinical use for study (2) in clinical use for

(2) indication (2) study indication

(3) and have minimal (3) and have higher 

(2) risk of harm from being (2) than minimal risk of

(2) in the study. (2) harm from being

(e.g., Approved mechanical (2) in the study

CPR devices standard CPR;

amiodarone vs lidocaine)

Diagnostic (1) Non-invasive, (1) Minimally (1) More than

(Test/device/ (2) and not used for (2) invasive, (2) minimally invasive,

feature) (2) real-time clinical (2) and not used (2) or used for real-

(2) decisions. (2) for real-time (2) time clinical

(e.g.: non-invasive monitor, (2) clinical decisions. (2) decisions,

low volume blood drawing) (e.g., transconjunctival (3) or not FDA

oxygen saturation) (2) approved.

(e.g., intracranial

pressure monitor)

Community’s Very unlikely to have Very unlikely to have Possibly to have Likely to have

potential community sensitivity community sensitivity community sensitivity community sensitivity

sensitivity

(Political,

cultural,

religious)

For a therapy, the study would have minimal, low, intermediate, or high incremental risk based on the FDA labeling status of the therapy,

and the assessment of whether there was minimal risk from being in the study (“Intervention” row), unless it were placed in a higher risk

category based on the community(ies)’ sensitivity (bottom row). For a diagnostic: the study would have minimal, intermediate, or high

risk categories based on the degree of invasiveness and the need for real-time decision making (“Diagnostic” row), unless it were placed

in a higher risk category by the perceived community(ies)’ sensitivity (bottom row).



should include attempts to consult with targeted, at-risk,
or interested populations.

Definition of Community for Pediatric Studies

There is a unique problem in the definition of what consti-
tutes a “Community” for pediatric studies. For many pedi-
atric populations, the “Community” could be defined to
include a group of patients with a specific disease, their
families, as well as the appropriate health care providers
(especially in the in-hospital environment). In these types
of situations, rather than a particular geographic based
community, consultation with the “Community at risk”

may be most appropriate. This process should be differen-
tiated, however, from prospective informed consent of all
patients at risk, as the latter process may not be feasible
because of the potentially large numbers of patients
involved.

Definition of Community for Hospital-based
Studies

Also there is a unique problem in the definition of what
constitutes a “community” for hospital-based studies. For
many hospital populations, the “community” could be
defined to include a group of patients who present to the
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Table 11.3. Levels of community consultation and public disclosure suggested at different degrees of incremental risk

Potential incremental risk added by study

Low Intermediate High

Community Review and feedback from an (1) As in Low (1) Review and feedback

Consultation appropriate group, committee, (2) Plus consider (2) from at least one group,

Options panel or organization (2) solicitation through (2) committee, panel, or

representative of the study (2) website or public notices (2) organization

community. (2) (such as through a few (2) representative of the

Alternatively, consider (2) mass media pieces). (2) study community,

solicitation through website (3) Call-in number and/or (2) Public forum(s) or

or public notices (such as (2) web address provided for (2) presentation at municipal

through a mass media piece), (2) feedback (2) government meeting(s) in

with a call-in number and/or (2) the study community.

web address provided for (3) Solicitation via a

feedback (2) number of mass media

(2) pieces.

(4) Call-in number

(2) and/or web address

(2) provided for feedback

Public Single targeted effort deemed At least one targeted effort Multiple efforts, including

Disclosure most likely to reach study and a mass media piece. both targeted efforts and

Options community: This could be Consider website. mass media pieces, as

through a mass media piece or deemed necessary to reach

distribution of information in the community adequately.

more focused manner to likely Website recommended.

subjects.

(e.g., targeted: poster, 

brochure, or newsletter article

in senior citizen center where

study will be conducted.)

Patient / family Reasonable attempts required for written communication regardless of patient survival status (e.g., letter, 

notification of including invitation to meet with investigator or study coordinator to discuss)

participation

For minimal risk, no community consultation or public disclosure is needed, although a single announcement could be considered. A

mass media piece refers to a newspaper article or advertisement, or a radio announcement, or a television spot.



ambulatory, emergency, and wards of the hospital, their
families, visitors, as well as the appropriate health care
providers. In these types of situations, where it is not feas-
ible to consent every individual who enters the grounds of
the hospital, consultation with the “community at risk” may
be most appropriate. This process should be differentiated,
however, from prospective informed consent of all patients
at risk, as the latter process may not be feasible owinge to
the potentially large numbers of patients involved.

The situation in Europe

Difficulties in the United States have been mirrored in
Europe – at least within the European Union (EU) – although
the major problems came later. Differences exist among
Member States despite an intention for a uniform approach.

Until relatively recently, emergency research in Europe
was conducted in accordance with the terms of the revised
Declaration of Helsinki5 that permitted research involving
mentally incompetent subjects subject to appropriate
safeguards. The situation changed, however, with a Clinical
Trials Directive from the EU in 200128 that had to be imple-
mented by all EU countries by May 2004. This Directive
reiterated the general principle that research involving
medicinal products required the written informed consent
from participating subjects, but it did make reference in its
Article 5 to the inclusion of incapacitated adults who had
neither given nor refused informed consent before the
onset of their incapacity. Nine conditions were set out;
whilst some of them were unexceptionable, others have
put major obstacles in the way of research in emergency
situations.

Without the ability to obtain consent from the subject,
the Directive stated that informed consent must be
obtained from a legal representative, either the next of kin
or a suitable person independent of the research team.
Considerable uncertainty exists in some parts of the EU
about the definition of a legal representative which was
intended to be determined by national law. But in any case
the stipulation for prior written consent is impractical for
emergency research where interventions have to be made
either immediately or at least within minutes. These
include resuscitation from sudden cardiac arrest, but also
treatment of acute heart attacks, stroke, serious head injury,
and many forms of shock. Some member states have
waived the requirement to seek prior written consent from
a legal representative if treatment must be started urgently.
Whilst this is outside the strict wording of the Directive,
no objections seem to have been raised to this liberal inter-
pretation. The alternative approach has generally been to

seek consent later from any subject who regains mental
competence, or otherwise from a legal representative who
is preferably a close family member. With this arrangement,
ongoing treatment would certainly be halted if consent
were refused, but the position is less clear for cases in which
it had already been completed: is it then permissible to
retain the data for analysis? If not, the possibility of bias is
clear. A person whose condition has improved may be more
likely to consent to inclusion of data than family members
whose relative has not recovered. On the other hand, in
some types of study a survivor may be unwilling to continue
with treatment, whereas non-survivors would not be in a
position to withdraw from participation.

The Directive also stipulates that research without indi-
vidual consent can be considered only to validate data
obtained from persons able to give consent or from other
research methods: this does have reasonable flexibility
since treatments would hardly be considered unless some
previous clinical or experimental evidence is available. An
additional clause is, however, more problematic: it states
that the research must relate directly to the condition from
which the subject suffers. Interpreted narrowly this pre-
vents research that involves the general care of incapaci-
tated patients. A relevant example might be research into
the rate or volume of ventilatory support in those being
treated during or after cardiac arrest, the importance of
which was highlighted in recent observational and experi-
mental studies.29 Such research would not relate directly to
the condition causing the cardiac arrest but rather to sup-
portive therapy, and therefore would be unacceptable
according to a strict acceptance of this provision from the
Directive.

An even greater problem with the European Directive
springs from a paragraph that requires an expectation that
administration of experimental medicinal treatment will
produce a benefit outweighing any risk or produce no risk
at all. Almost any intervention carries some risk, however
small. Moreover, the notion that a treatment under inves-
tigation must be more likely than not to offer benefit
undermines the whole principle of equipoise that should
be an ethical basis for randomized controlled trials!

The Directive has not been implemented in a uniform
way by Member States. Variations are not restricted to the
interpretation of the term “legal representative” men-
tioned above. Some Member States have have sought to
widen the provisions of the Directive to include not only
medicinal products but all research, whereas the legal
framework in others is loose enough to impose little
restriction on research that most ethicists would accept as
legitimate. The variations within Europe have been
reviewed by Lemaire and colleagues.30 Within the United
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Kingdom a review has been undertaken of the regulations
that implemented the Directive. These were acknowledged
by the Government to have been unduly restrictive as they
were closely based on the Directive. The anticipated
changes in the implementing legislation will thus permit a
resumption of emergency research that is currently impos-
sible to conduct lawfully. Curtailment of important studies
has existed from the time of the publication of the
Directive, 3 years before it became mandatory, because of
fears that any on-going studies that remained incomplete
by May 2004 may have to be terminated prematurely. The
danger to emergency research was foreseen by many active
in the field31 but by then the terms of the Directive could
not be changed.

The hope now is that Member States that have inter-
preted the Directive strictly in their implementing legisla-
tion may be prepared to introduce modifications in line
with the perceived intention of the Directive to permit
some flexibility. The initiative within the United Kingdom
may encourage others to follow suit. To give guidance to
this approach, a working group assembled in Vienna in
May 2005 under the auspices of the Department for Ethics
in Medical Research of the Vienna Medical University, in
cooperation with other relevant groups, and recommen-
dations have been published.32

Conclusions

In conclusion, obtaining informed consent from patients
or surrogates is difficult in the setting of serious emergency
conditions. Current regulations do allow studies to be per-
formed with Exception to Informed Consent, but ambigu-
ities in implementing studies under current regulations
can be onerous for IRBs and investigators, and may dis-
courage research to evaluate promising interventions. The
proposed template to help guide IRBs to comply with the
Federal Regulations may help with striking an appropriate
balance between protecting eligible patients, and preserv-
ing the public good in the United States. For the moment,
however, a serious barrier to the development of evidence-
based treatments for many emergency conditions exists in
Europe as in the United States.
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Part III

The pathophysiology of global
ischemia and reperfusion





Definition

Sudden death is natural death, heralded by loss of con-
sciousness within 1 hour of the onset of acute symptoms.
The time and mode of death are unexpected. This defini-
tion is meant to satisfy medical and scientific considera-
tions as well legal and social concerns.1 Included within
this construct are four temporal elements: (a) prodromes,
(b) onset of terminal event, (c) cardiac arrest, and (d) pro-
gression to biological death. Prodromes, if any, are new or
worsening symptoms that begin during an arbitrarily
defined period of up to 24 hours before the onset of
cardiac arrest. The 1-hour time period described in the
definition refers to the duration of the terminal event
leading to cardiac arrest. Following cardiac arrest – the
clinician’s synonym for sudden death, biological death
may ensue within minutes, or alternatively, due to com-
munity-based interventions and life support systems,
may be delayed for a long period of time and even aborted
altogether. Nonetheless, for legal, forensic, and certain
social considerations, biological death is used as the
absolute definition of death.

Epidemiology and Causation

A large prospective cohort study – the Framingham study –
observed that over a 26-year period, 13% of all deaths were
sudden in nature as defined by death within 1 hour of the
onset of symptoms.2,3 In the Western hemisphere, cardiac
causes currently predominate in sudden deaths among
adults. One large retrospective analysis of death certificates
in the United States reported that 88% of sudden deaths

were due to cardiac causes.4 Hence, an estimated 300 000
sudden cardiac deaths occur annually in the United States,
accounting for about 50% of all deaths due to cardiovascu-
lar disease.5,6 Accordingly, the general incidence of sudden
cardiac death in the unselected United States population >
35 years of age is 1 – 2/1000 (0.1%–0.2%) per year.

A number of diseases are associated with cardiac and
non-cardiac sudden death in adults (Table 12.1). Several
subgroups at high risk for sudden cardiac death have
been accurately identified. These include those individu-
als who have already survived a cardiac arrest, those with
coronary artery disease (especially prior myocardial
infarction), and those with left ventricular hypertrophy or
systolic dysfunction.7 Conventional, modifiable athero-
sclerosis risk factors such as cigarette smoking, hyperten-
sion, diabetes mellitus, dyslipidemia, and obesity serve as
readily identifiable markers of increased risk, although
their primary significance lies in their link to coronary
artery disease, the predominant disease predisposing
to sudden cardiac death.8,9 The clinical dilemma that
remains is that the majority of sudden cardiac deaths
occur in people who are not currently recognized as being
at high risk (Fig. 12.1(a), (b)).

Neurological causes, such as large acute ischemic or
hemorrhagic stroke and seizures, constitute a distant
second leading cause of sudden death. Respiratory com-
promise leading to hypoxia, catecholamine excess, meta-
bolic acidosis, and asphyxia from a variety of causes may
result in a fatal event. Likewise, significant metabolic and
electrolyte derangements may cause sudden death. Acute
infections may lead to sudden unexpected death due to
meningitis, myocarditis, and endocarditis. A variety of
toxins, including prescription and non-prescription drugs,

229

Cardiac Arrest: The Science and Practice of Resuscitation Medicine. 2nd edn., ed. Norman Paradis, Henry Halperin, Karl Kern, Volker Wenzel, Douglas

Chamberlain. Published by Cambridge University Press. © Cambridge University Press, 2007.

12

The etiology of sudden death

Sunil K. Sinha, Arthur J. Moss1, and Hugh G. Calkins

Johns Hopkins Hospital, Baltimore, MD, USA
1 and University of Rochester Medical Center, Rochester, NY, USA 



illegal narcotics, and alcohol may yield fatal consequences
especially when used in excess. Sudden death due to
trauma may ensue from a direct cardiac insult such as blunt
cardiac trauma (commotio cordis) (Chapter 65), myocardial
or aortic rupture, and acute cardiac tamponade, or indi-
rectly from massive exsanguination or the triggering of one
or more of the other causal processes mentioned above.

Sudden death in the pediatric and young adult popula-
tion contains several unique features. In particular, sudden
infant death syndrome is most likely to strike between birth
and 6 months of age and has an incidence of 0.1%–0.3%
of live births.10 Established risk factors for sudden
infant death include male sex, premature birth, maternal
smoking, bed sharing, gastroesophageal reflux, and prone
position.11–13 This syndrome likely consists of a variety of
causes both cardiac (such as cardiac ion channelopathies,
high risk atrioventricular accessory pathways) and non-
cardiac (central nervous system respiratory dysfunc-
tion).14–18 In contrast to adults, studies indicate that only
19% of sudden deaths in children between 1–13 years of
age and 30% of sudden deaths in those 14–21 years of age
are of cardiac origin.19 Among the general population of
adolescents and young adults < 30 years of age, the overall
risk of sudden cardiac death is estimated to be 1/100 000
(0.001%) per year.20,21 A significant element of sudden
cardiac deaths in this population consists of either familial
or spontaneous genetic mutations expressed as hyper-
trophic cardiomyopathy, arrhythmogenic right ventricular
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Table 12.1. Acute and subacute causes of sudden death
in adults

I. Coronary atherosclerosis (acute ischemia, prior infarction)

II. Congestive heart failure

a. Chronic

b. Acute

III. Valvular heart disease (e.g., critical aortic stenosis)

IV. Ventricular hypertrophy

a. Acquired (hypertensive heart disease)

b. Congenital (hypertrophic cardiomyopathy)

c. Cor pulmonale

V. Aortic dissection

V. Congenital heart disease

a. Coronary artery anomalies

b. Complex congenital defects (especially if complicated

by Eisenmenger’s physiology)

c. Surgically corrected defects (e.g., Tetralogy of Fallot

repair)

d. Hypertrophic cardiomyopathy

e. Arrhythmogenic right ventricular dysplasia

f. Cardiac ion channelopathies

g. Wolff–Parkinson–White syndrome

h. Idiopathic ventricular tachycardia

i. Idiopathic ventricular fibrillation

j. Congenital heart block

VI. Acquired conduction abnormalities

a. Lenegre’s disease

b. Lev’s disease

VII. Infiltrative cardiomyopathy

a. Sarcoidosis

b. Chagas disease

c. Amyloidosis

d. Hemachromatosis

VIII. Pericardial disease (pericardial effusion causing cardiac

tamponade)

IX. Cardiac tumors (e.g., atrial myxoma with acute valvular

obstruction)

X. Neurological

a. Cerebrovascular accident (ischemic or hemorrhagic)

b. Seizures

XI. Infectious

a. Septic shock

b. Meningitis

c. Myocarditis

d. Endocarditis

XII. Respiratory

a. Severe bronchospasm

b. Massive pulmonary embolism

c. Acute pneumonitis

d. Aspiration

e. Sleep apnea (central or obstructive)

XIII. Immunological

a. Anaphylactic shock

b. Angioedema (causing asphyxiation)

Table 12.1. (continued)

XIV. Rheumatological

a. Myocarditis

b. Coronary arteritis

c. Endocarditis (Libman–Sacks disease)

d. Cerebritis

XV. Toxic agents

a. Recreational drugs (such as cocaine, heroin, alcohol)

b. Pharmaceutical drugs (such as drug-induced long QT

syndrome)

XVI. Electrolyte and metabolic disturbances

a. Hyperglycemia (diabetic ketoacidosis, hyperosmolar

non-ketotic acidosis) or hypoglycemia

b. Hyperkalemia or hypokalemia

c. Hypocalcemia

d. Metabolic acidosis

XVII. Trauma

a. Hemorrhagic shock

b. Spinal shock

c. Pneumothorax

d. Blunt cardiac trauma (commotio cordis)

e. Myocardial or aortic rupture



dysplasia, cardiac ion channelopathies, and congenital
heart disease. Neurological catastrophe, usually seizures,
is also an important contributor to sudden death in the
young. An analysis of sudden death between 1 and 21 years
of age noted that epilepsy accounted for 15% of deaths.19

Sudden cardiac death in athletes

Sudden cardiac death in athletes is rare but usually
strikes individuals with previously unrecognized cardiac
disease.22,23 In athletes < 35 years of age, hypertrophic car-
diomyopathy, with or without left ventricular outflow tract
obstruction, represents the most common cause of sudden
cardiac death.24 The second most common cause is due
to congenital coronary artery anomalies.25 In particular,
anomalous origin of the left main coronary artery from the
right (anterior) sinus of Valsalva, predisposing to kinking at
the origin of the coronary artery or compression of the
artery between the aorta and pulmonary artery trunk
during exercise, engenders a significant risk of sudden
cardiac death in athletes.26 Arrhythmogenic right ventricu-
lar dysplasia may present with syncope or sudden cardiac
death – often exercise related.27 Indeed, in Italy, where
comprehensive clinical and electrocardiographic screening
has effectively excluded most athletes with hypertrophic
cardiomyopathy from competition, arrhythmogenic right
ventricular dysplasia is the most common cause of sport-
related sudden cardiac death.28 Acute myocarditis, even in
the absence of severe left ventricular dysfunction, is
another potentially fatal cause.29 In a report of 19 sudden
cardiac deaths among previously screened United States
Air Force recruits, eight had evidence of myocarditis at
postmortem examination – the majority of whom had their
cardiac arrest during strenuous exertion.30 Other less
common causes include premature coronary atheroscle-
rosis, commotio cordis, severe aortic stenosis, dilated car-
diomyopathy, deep myocardial bridging of intramural
coronary arteries, long QT syndrome – particularly LQTS1,
and idiopathic ventricular fibrillation.31–36 On the other
hand, athletes > 35 years of age are most likely to die sud-
denly from coronary artery disease.23,37

Pathophysiology

Pathological studies of victims of sudden cardiac death
correspond well with the established epidemiological pre-
ponderance of coronary artery disease.8,38 Autopsy studies
have consistently revealed that > 80% of cases demonstrate
significant stenosis (> 75%) in at least one major epicardial
coronary artery.39,40 However, < 40% exhibit evidence of
recent plaque fissuring, platelet aggregation, and coron-
ary thrombosis.41,42 Coronary artery spasm as a cause of
sudden death is recognizable postmortem in rare cases.43

The incidence of acute myocardial infarction on necropsy
averages 20%–30% and healed myocardial infarction is
noted in about 40%–70%.8,39,44 Additionally, left ventricular
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Fig. 12.1(a). Estimates of incidence (percent/year) of sudden

death are shown for the overall adult population (ALL) and

increasingly higher risk subgroups in the United States5

(HIGH RISK, multiple coronary risk factors; Prior MI, prior

myocardial infarction; EF < 30%, left ventricular ejection fraction

< 30%; Prior SCD, prior resuscitated or aborted sudden cardiac

death; SCD > MI, resuscitated or aborted VT/VF postacute

myocardial infarction).

(b) Estimates of the total annual number (events/year) of

sudden deaths are shown for the overall adult population and

increasingly higher risk subgroups in the United States

(abbreviated group labels as per Fig. 12.1(a)). The progressively

smaller denomination of increasingly higher risk subgroups

results in an inverse relationship between the total number of

fatal events and the actual incidence of sudden death5 (as

displayed in Fig. 12.1(a)).



hypertrophy confers an acute mortality risk seemingly
independent of hypertension, left ventricular dysfunction,
or coronary artery disease.45

Clinically, malignant cardiac arrhythmias represent the
final step of a complex pathophysiological process usually
facilitated by established structural heart disease modu-
lated by functional variations.46 In this biological model
of sudden cardiac death, structural abnormalities may
include chronic coronary atherosclerosis, acute or healed
myocardial infarction, ventricular hypertrophy or myopa-
thy, or a congenital ion channelopathy. Functional alter-
ations of abnormal anatomic substrate may result from
interactions with dynamic influences, such as acute
myocardial ischemia and reperfusion (coronary plaque

rupture, thrombosis, or spasm), hypoxia, acidosis, elec-
trolyte imbalance, catecholamine excess, autonomic dys-
function, toxins, and proarrhythmic drugs. The final
pathway is the triggering of a fatal arrhythmia – usually
ventricular tachyarrhythmias (80%–90%), or less com-
monly bradyarrhythmias, asystole, or pulseless electrical
activity.47 For example, in athletes with premature
coronary atherosclerosis, increased myocardial oxygen
demand with a fixed supply may provide a mechanism for
exercise-induced ventricular tachyarrhythmia during
intense physical activity.48

At the level of the cardiac myocyte, ischemia results in an
efflux of potassium, influx of calcium, intracellular acido-
sis, reduction of transmembrane resting potentials, and
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Fig. 12.2. Cardiac telemetry strips recorded from a patient 2 days postmyocardial infarction. Initially, the patient is in sinus rhythm at

70 beats per minute (bpm) with the first premature ventricular contraction (PVC) falling upon the T wave resulting in a compensatory

ventricular pause. The second PVC upon the latter aspect of the T wave results in ventricular tachycardia, however, which soon

progresses to ventricular flutter at 300 bpm (top strip), which in turn devolves in to coarse ventricular fibrillation (second strip from top)

until an external 300 joule monophasic shock restores sinus rhythm (bottom strip).



an often heterogeneous enhancement of automaticity.
Additionally, formation of superoxide radicals, fatty acid
metabolites, adrenergic stimulation, and alterations in
autonomic tone may contribute to electrical instability.49,50

The resultant susceptible myocardium is prone to slow
conduction and unidirectional block and, in the setting of
premature impulses (premature ventricular contractions),
can manifest a re-entrant ventricular tachyarrhythmia
leading to ventricular fibrillation (Fig. 12.2). Furthermore,
heterogeneously enhanced automaticity may trigger rapid
bursts of depolarization and uncoordinated conduction
leading to ventricular fibrillation.

Failure of normal sinus node and atrioventricular node
function with concomitant failure of subordinate auto-
matic activity to assume pacemaking function is the basis
of the electrophysiological mechanism of bradyarrhyth-
mias and asystole. At the cellular level, increased extracel-
lular potassium concentration, anoxia, acidosis, shock, and
hypothermia may result in partial depolarization of pace-
maker cells in the His-Purkinje system, decreasing the
slope of spontaneous phase 4 depolarization with loss of
automaticity.51 This phenomenon is likely to be more
common in hearts with pre-existing His-Purkinje system
conduction abnormalities due to Lenegre’s disease (primary
fibrosis) or Lev’s disease (secondary mechanical injury).52,53

Pulseless electrical activity represents electrical depolar-
ization of myocardium in the absence of effective mechan-
ical myocardial contraction. Secondary pulseless electrical
activity (pseudo-electromechanical dissociation) is caused
by near or complete cessation of cardiac venous return due
to large pulmonary embolism, cardiac tamponade, and
massive exsanguination. Primary pulseless electrical activ-
ity results from a failure of electromechanical coupling.54

The cellular mechanism for failure of electromechanical
coupling probably includes abnormal metabolism of
intracellular calcium, intracellular acidosis, and depletion
of adenosine triphosphate. This usually occurs in the
setting of end-stage heart disease, acute ischemia, or elec-
trical resuscitation from a prolonged cardiac arrest.

Conclusions

Death is inevitable. Nevertheless, a thorough understand-
ing of its multifaceted etiology holds the key for designing
successful community- and patient-based strategies to
delay its grim arrival. Familial clusterings of sudden
cardiac death may provide us with the key to success by
allowing us to delineate accurately specific genetic abnor-
malities that predispose to sudden cardiac death and
target therapies accordingly.55–58
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Introduction

Sudden, unexpected death claims nearly 1000 lives each
day in the United States and is the fifth leading cause of all
deaths in the western world.1,2 Cardiac arrest occurs over
300 000 times per year both in the United States and
Europe with the risk for persons 35 years and older esti-
mated at 1 per 1000. In those patients resuscitated from
cardiac arrest, nearly 60% die from a neurological cause.
Despite every effort, only 3%–10% of all resuscitated
patients are able to resume their former lifestyles.3

To date, there are no clinically effective pharmacologic
tools for amelioration of brain damage by ischemia and
reperfusion. Clinical trials conducted more than a decade
ago utilizing postresuscitation treatment with barbitu-
rates4 or calcium antagonists5 were disappointing. More
recently, clinical treatment of stroke with a radical
scavenger (trilazad),6 intercellular adhesion molecule-1
antagonist (Enlimomab),7 glutamate receptor antagonist
(Aptiganel, gavestinel),8,9 glutamate release inhibitor (Lub-
eluzole),10 ganglioside administration (GM1),11 calcium
channel blockade,12 or upregulation of the GABA receptor
(Clomethiazole)13 were all found ineffective. This suggests
that our understanding of the mechanisms involved in
damage and repair in neurons remains incomplete and
further therapeutic progress will require the delineation of
the primary mechanisms involved in neuronal injury and
repair.

Although the picture is still incomplete, a few things are
clear.
1. The majority of damage occurs not during ischemia but

during reperfusion. Nevertheless, the two processes
work sequentially to increase neuronal damage (i.e.,

lipolysis during ischemia potentiates the radical-
mediated peroxidation of polyunsaturated fatty acids
(PUFAs) during reperfusion).

2. Since in practice the initial ischemic damage has
already occurred, suppression of further damage and
promotion of acute repair is the key to minimizing per-
manent neurological injury.

3. Regulation of calcium influx or its intracellular release
plays a sequential role in neuronal pathology.

4. Postischemic competence for protein synthesis is
crucial to the neuron’s ability both to limit and to repair
damage during early reperfusion.

5. Competence for both antioxidant defense and mem-
brane synthesis and repair in terminally differentiated
brain neurons is regulated at a fundamental level by
selected growth factors and proto-oncogenes.

Experimental models of global cerebral ischemia

Because the brain is particularly vulnerable to even short
periods of ischemia, rapid defibrillation of the heart and
restoration of spontaneous circulation are extremely crit-
ical. With each passing minute of cardiac arrest, the
magnitude of neuronal injury progressively increases. For
example, experimental studies in dogs have shown that
increasing ischemic duration beyond 8 minutes results in
progressively worse neurologic deficits.14,15,16 Examination
of brain histology, however, reveals that certain neuronal
populations are injured after periods of ischemia as short
as 5 minutes, whereas others can survive 30 or more
minutes of ischemia.17–23 Indeed, partial recovery of
metabolism and electrophysiologic function is possible
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after 1 hour of ischemia.24,25 In addition, selective neuronal
populations do not die immediately, raising the possibility
of a temporal therapeutic window. Considerable effort has
been directed at understanding the mechanism of delayed
neuronal death that typically occurs 1 to 3 days after the
insult. The mechanisms by which ischemia causes neu-
ronal death are multifactorial and vary by brain region and
by connectivity of specific neuronal populations.

When evaluating the large body of literature concerning
cerebral ischemia, it is critical to consider the severity,
duration, and distribution of reduced blood flow in the
particular experimental model used in each study.
Although ventricular fibrillation produces zero blood flow
throughout the body, cardiac arrest is not used in many
experimental models of cerebral ischemia because of the
difficulty of cardiac resuscitation after prolonged arrest
and the need for intensive care in animals with impaired
brain-stem and thalamic function. Models of complete
cerebral ischemia (zero blood flow) include ventricular
fibrillation,26,27 aortic occlusion with preserved coronary
blood flow,28,29 brachiocephalic and subclavian arterial
occlusion plus arterial hypotension (to reduce inflow
from spinal accessory arteries),25,30 neck cuff inflation,31,32

and compression models in which intracranial pressure is
elevated above arterial pressure by ventricular fluid infu-
sion.33,34 Models of nearly complete global forebrain
ischemia have been developed in which blood flow
to cortex, striatum, and hippocampus is reduced to
extremely low levels (0–5 ml/min per 100 g), whereas
blood flow to caudal structures is adequate for preserving
respiratory and cardiovascular stability. Global forebrain
ischemia models include the four-vessel occlusion model,
in which vertebral arteries are permanently occluded and
carotid arteries are reversibly occluded,35 and the carotid
occlusion plus arterial hypotension model.36 These two
models of global forebrain ischemia have been the most
widely used because they are relatively easy to prepare,
particularly in the rat, and require less postoperative care
than do cardiac arrest models. In addition, gerbils are
sometimes used because the Circle of Willis is incomplete
and carotid occlusion without hypotension produces
near-complete forebrain ischemia. The nature and topo-
graphy of injury in global models of cerebral ischemia,
in which the duration of cerebral ischemia is typically
less than 20 minutes, differs from focal ischemia models
of stroke, in which a spatial gradient of blood flow reduc-
tion is produced for durations typically greater than 1
hour, and in which an inflammatory response occurs that
leads to infarction. Therapies that are effective in experi-
mental stroke may not necessarily be effective after
cardiac arrest.

Cardiac arrest as well as other neuronal injury-triggering
processes can lead to selective and delayed neuronal
death.37 Postischemic recovery depends on the type and
the duration of the ischemic insult, which correlates with
the level of cellular damage during reperfusion.38 Cell
death after global cerebral ischemia can be due to apopto-
sis or necrosis, depending on the duration of the insult and
the quality of postischemic reperfusion.39,40 If cardiac
arrest times are exceedingly long or return of spontaneous
circulation (ROSC) is not robust, then primary brain necro-
sis results. Resuscitation and cerebral reperfusion with
shorter time periods may lead to cellular restitution or a
delayed type of cellular death (apoptosis). The term apop-
tosis was promulgated by Kerr and Wylli to describe a cell
death process without necrosis.41,42 Specific morphological
and biochemical features distinguish apoptosis from
necrosis.43 Necrotic cell death begins with a swelling of the
cell body and the mitochondrial elements. Soon thereafter
cell membranes disintegrate. The release of cytoplasmic
contents triggers inflammatory reactions in the surround-
ing tissue. In contrast, apoptosis is a well-regulated
process. Apoptotic cells take an active part in their own
“shut down,” packing, and dismantling process.44 The
highly regulated physiological “programmed cell death”
process is characterized by specific morphological features
such as changes in the plasma membrane, condensation of
cytoplasm and nucleolus, and internucleosomal cleavage
of DNA. Intracellular processes degrade the cells without
rupture of the plasma membrane. At the end of the apop-
totic process, shrunken cells become fragmented into
“apoptotic bodies.”45 Finally phagocytic cells eliminate
these cell fragments without significant inflammatory
damage to the surrounding cells. The newest research
results indicate that postischemic neuronal death most
likely involves a combination of both apoptosis and necro-
sis even at the level of individual neurons.46 Furthermore,
both forms of cell demise seem to represent the extremes
of a continuum.37,47

Energy metabolism, ion fluxes, tissue pH, and
cerebral circulation

Energy metabolism and ionic fluxes during ischemia

High-energy phosphates in mature brain are derived pri-
marily from oxidative metabolism of glucose. With sudden
cardiac arrest, high-energy phosphates are depleted more
rapidly in brain than in most other organs. Both the tissue
freeze-clamp technique and the phosphorus magnetic
resonance spectroscopy (MRS) technique demonstrate
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that phosphocreatine is largely depleted within 1 minute
and ATP is almost completely depleted within 2 to 3
minutes of the onset of complete cerebral ischemia.34,48–50

Consciousness is lost within 10 seconds, and electroen-
cephalographic (EEG) activity becomes isoelectric within
20 seconds.51,52 As shown in Fig. 13.1, the decline in ATP
over time is not linear because: (1) phosphocreatine ini-
tially acts to buffer the decrease in ATP49,50 (2) EEG silence
reduces ATP demand and the rate of decline in tissue PO2,
whereas subsequent cell depolarization increases ATP
demand53,48 and (3) anaerobic metabolism of tissue stores
of glucose and glycogen produces small amounts of ATP
for several minutes.

Recordings from ion-sensitive microelectrodes in brain
interstitial space reveal two phases in the temporal ionic
response.54,55 During the initial phase after cardiac arrest,
interstitial K� concentration gradually increases from 3 to
approximately 10 mM. Moderate increases in intracellular
Ca2� also occur during this early phase of anoxia.56,57

Magnetic resonance measurements of Na� and water dif-
fusion constant also suggest an early influx of Na� and
water.48–59 Spontaneous electrical activity is lost during this
phase (Fig. 13.2), although evoked responses can still be
generated. Within 2 minutes of cardiac arrest, interstitial

K� activity begins to increase at a progressively faster rate,
resulting in cell membrane depolarization of neurons
and glia (anoxic depolarization), increases in ion conduct-
ance, and further increases in interstitial K� activity to
60–100 mM. The onset of this second phase is associated
with rapid decreases in interstitial Na�, Cl–, and Ca2� activ-
ity and shrinkage of the interstitial space as these ions
and water move intracellularly.59,60 At this time, tissue ATP
levels are reduced to approximately 30% of normal and
are inadequate to maintain Na�–K� ATPase at maximum
activity.48 The large influx of Ca2� leads to activation of pro-
teolytic enzymes and phospholipase A2 and to a conse-
quent rise in free fatty acid levels in tissue.49

Therefore, complete cessation of cerebral blood flow
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Fig. 13.1. Percent changes in phosphocreatine and ATP

concentrations obtained from neocortex frozen at different times

after cardiac arrest in rats. Note the rapid decrease in

phosphocreatine, followed shortly by a decrease in ATP. The time

of anoxic depolarization corresponded to an ATP concentration

of 30–40% of control. (From ref. 59.)

Fig. 13.2. Recordings of intracellular pH (pHi), membrane

potential (mp), and intracellular calcium activity (Cai
2�) from a

triple-barreled microelectrode inserted into a cell in CA1 region

of hippocampus. Extracellular potassium activity (Ke
�) was

recorded from a microelectrode in the contralateral

hippocampus, and electrocorticogram (ECoG) activity was

recorded from frontal cortex. Global forebrain ischemia was

produced in the rat (at the first arrow) and PO2 in separately

recorded tissue fell to zero (at the second arrow). After a transient

alkaline shift, pHi progressively decreases due in part to ATP

hydrolysis. ECoG is rapidly lost. At about this time, small

increases in Cai
2� and Ke

� occur. After an approximately

2-minute delay, large increases in Cai
2� and Ke

� occur and the

membrane depolarizes. Thus, changes in Cai
2� are detectable

before membrane depolarization. (From ref. 64.)
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results in a very rapid sequence of physiologic and meta-
bolic events, involving: (1) loss of consciousness, (2) loss
of EEG activity, (3) small increases in interstitial K� and
intracellular Ca2� activity, (4) membrane depolarization
when ATP is approximately 30% of normal, and (5) a large
influx of Ca2�, Na�, Cl–, and water and an efflux of K�. This
sequence of events can be delayed to a small extent by
increasing tissue glucose stores with preischemic hyper-
glycemia63 or by decreasing the rate of ATP utilization
with barbiturates,61 and to a greater extent with preis-
chemic hypothermia.62

Energy metabolism during early reperfusion

When cerebral perfusion is fully reinstituted after 3 to 12
minutes of global ischemia, transcellular ionic gradients
for K�, Na� and Ca2� are largely restored within several
minutes.48,55,57,63–65 Tissue levels of ATP also recover
rapidly.66 Recovery of Na� and K� gradients, however, pre-
cedes full recovery of ATP,48,63 presumably because the
affinity constant of Na�–K� ATPase for ATP is lower than
when ATP levels are normal. Hence, much of the ATP ini-
tially produced during reperfusion is utilized for restor-
ation of ionic gradients and high ATPase activity delays
recovery of ATP concentration.

When ischemia is prolonged beyond 15 minutes, recov-
ery of ionic gradients and ATP becomes progressively
slower.67–70 Furthermore, steady-state recovery of ATP is
20%–40% below normal.71,72 Slower ATP recovery may be
the result of depressed mitochondrial function73,74 sec-
ondary to acidosis,75,76 formation of oxygen radicals,77

degradation of mitochondrial phospholipids,78 increased
Ca2� load, and opening of mitochondrial permeability
transition pores.79 Recovery of oxidative metabolism after
prolonged ischemia might also be limited by loss of adeno-
sine base through the adenosine deaminase pathway,80,81

by defective production of NADH,82 by heterogeneous
patches of poor reflow and oxygenation,33,83,84 and by
sustained ionic membrane leaks that cause wasteful uti-
lization of a limited ATP supply for ionic pump activity. In
addition, initial recovery of ATP after prolonged ischemia
might be followed by a secondary decline in ATP, as loss of
adenosine, loss of NADH, and microcirculatory stasis
worsening over a period of several hours.85

With short periods of ischemia, full restoration of trans-
cellular ionic gradients and high-energy phosphates in
tissue should not be taken as evidence that metabolism is
completely restored throughout the cell. Critical abnormal-
ities may persist in dendritic processes far removed from
the cell body, particularly at synaptic sites. Postsynaptic
microregions deluged by neurotransmitters are expected to

show an imbalance in second messenger systems, with
effects that will persist into reperfusion. Astrocyte processes
responsible for ATP-dependent uptake and metabolism of
neurotransmitters, such as glutamate, require restoration
of their Na� gradient for inward glutamate transport.
Presynaptic neuronal processes depleted of neurotransmit-
ters during anoxic depolarization might also be active in
reuptake and synthesis of neurotransmitters and synaptic
vesicles.86 Consequently, defects in neurotransmission can
persist. Appearance of spontaneous EEG activity can be
considerably delayed after restoration of ionic gradients and
ATP, and if the duration of ischemia is prolonged, the EEG
may remain abnormal.27,51,87 Furthermore, the amplitude of
evoked potentials may remain depressed even after brief
ischemia. Thus, functional neurotransmission can remain
impaired despite recovery of global oxidative metabolism
and ionic gradients.

Cerebral acidosis during ischemia and reperfusion

Because acidosis has traditionally been assumed to play an
important role in ischemic injury, it is useful to understand
the factors that influence cerebral pH during ischemia.
Normal intracellular pH in brain is approximately 7.1,
and normal extracellular pH is approximately 7.3.88,89 This
transcellular pH gradient is the net result of intracellular
production of acids, proton and bicarbonate antiporters,
and membrane voltage.88 With the onset of complete cere-
bral ischemia, intracellular pH falls rapidly to approxi-
mately 6.1–6.2 within 6–10 minutes.48,90,91 Extracellular pH
decreases in parallel with the decrease in intracellular pH,
but appears to remain more alkaline than intracellular
pH.92,93

One major source of protons during complete ischemia
is the hydrolysis of ATP and other nucleoside triphos-
phates.94,95 The net hydrolysis of ATP stores (0.3 mmol/kg)
in brain is expected to produce approximately 2–4 mmol/
kg of protons, depending on Mg2� concentration and pH.95

Another source of protons is anaerobic glycolysis, whereby
1 mole of glucose forms 2 moles of ATP and 2 moles of
lactate anions. When these 2 moles of ATP are eventually
hydrolyzed, approximately 2 moles of protons are pro-
duced. During complete ischemia, the amount of protons
produced depends on glucose and glycogen stores in the
tissue, which to a large extent, depend on the history
of plasma glucose concentration before the onset of
ischemia.96 During incomplete ischemia, proton produc-
tion also depends on continued delivery of glucose to the
brain and, hence, on arterial glucose concentration.97

Ordinarily, changes in intracellular pH are passively
buffered by proteins, particularly those with abundant
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histidine groups (pka 6.9), and by inorganic phosphate
(pka 6.7) and bicarbonate ions (pka 6.1). Because
extracellular protein concentration is low in brain, extra-
cellular pH is buffered primarily by bicarbonate ions. In
addition, active regulation of intracellular pH that accom-
panies changes in acid loads is mediated by various
proton and bicarbonate antiporters.88,98 During complete
ischemia, CO2 is not cleared and bicarbonate ions become
an ineffective buffer. Marked changes in Na� and Cl– gra-
dients during ischemia render extrusion of acid equiva-
lents by antiporters unfavorable. Upon full reperfusion,
CO2 is cleared within a few minutes and tissue pH
increases by approximately 0.3–0.4 unit.55,91,92 Full recov-
ery of tissue pH requires from 15 to 60 minutes,
however31,48,67,99,100 depends on the duration of ischemia,
and lags behind recovery of calcium,101 sodium,48 and ATP.
The delay in pH recovery might be due to (1) persistent
anaerobic glycolysis and production of metabolic acids
from other sources during early reperfusion, (2) the need
for re-establishment of Na� and Cl– gradients for appro-
priate function of proton and bicarbonate transporters,
and (3) the magnitude of the buffered and unbuffered
proton load that must be extruded out of the brain.

Influence of acidosis on ischemic injury

Major evidence that acidosis contributes to ischemic injury
is largely derived from studies in which tissue pH is mani-
pulated by varying blood glucose levels to influence the
magnitude of anaerobic glycolysis during ischemia.102,103

Induction of hyperglycemia before global ischemia aug-
ments histopathologic damage.104,105 The most severe
damage with hyperglycemia has been reported in models
of incomplete global ischemia, in which blood flow is
reduced by at least 75% and the duration of ischemia is
extended to at least 30 minutes.106,107 In this case, intracel-
lular pH falls to values in the 5–6 range97 and is not restored
during reperfusion. Additional consequences of these
events include: temporary recovery of energy metabo-
lism,102,108,109 glial and endothelial swelling during early
reperfusion,107,110 patchy, heterogeneous reperfusion,111

and large areas of necrosis.104 Conversion of the histopatho-
logic injury from one of selective necrosis of individual
neurons typically seen after normoglycemic ischemia to
one of microregions of overt necrosis after hyperglycemic
ischemia, probably depends on the presence of critically
low levels of tissue pH. An alternative mechanism of injury
that involves elevated corticosterone during hyperglycemia
has been proposed.112

In addition to the importance of severity of intrais-
chemic pH, acidosis during reoxygenation might promote

from damage oxygen radicals. Postischemic hyper-
glycemia can delay pH recovery113 and worsen neurologic
deficit.114 Furthermore, imposing carbonic acidosis during
early reperfusion depresses electrophysiologic recovery,91

whereas antioxidant treatment accelerates pH recovery
and improves electrophysiologic recovery.115

The mechanism whereby acidosis augments ischemic
injury remains unclear. It is generally assumed that, by
altering protein charge, acidosis affects functions of a wide
array of enzymes, receptors, ion channels, and intracellu-
lar messenger systems. Acidosis in the absence of ischemia
does not produce neuronal and glial injury, unless it is
severe (pH�6) and prolonged.98,116–121 Therefore, if acido-
sis contributes to normoglycemic ischemic injury, it pre-
sumably interacts synergistically with other mechanisms
that come into play after the loss of oxygenation and deple-
tion of energy.

One way by which acidosis might augment ischemic
injury is by augmenting increases in free intracellular
Ca2�.122 This might occur via indirect effects on endoplas-
mic reticulum and mitochondrial Ca2� sequestration sites,
rather than on effects of acidosis on N-methyl-D-aspartate
(NMDA) channels. Extracellular acidosis inhibits Ca2�

influx through NMDA channels in vitro,123 and induction
of metabolic alkalemia by infusion of carbicarb before
incomplete cerebral ischemia depressed the recovery of
energy metabolism through an NMDA channel-sensitive
mechanism.124 Acid-sensitive ion channels permit influx of
cations, including Ca2�, and blocking these channels pro-
tects the brain from focal cerebral ischemia.125 The role of
these acid-sensitive channels in brain injury from cardiac
arrest remains to be elucidated.

Another mechanism by which acidosis might augment
ischemic injury is through interactions with oxygen radical
mechanisms. Iron-dependent lipid peroxidation is pro-
moted by metabolic acidosis,126 but not by carbonic acido-
sis.127 This difference raised the possibility that lactic acid
attacks iron that is bound to protein by carbonate bridges,
such as occurs on transferrin, whereas carbonic acidosis
acts to stabilize these carbonate bridges.127 Mobilized iron,
found in the brain after cardiac arrest,128,129 will enhance the
formation of reactive oxygen species during reoxygenation.
The percent of iron bound to low-molecular-weight species
after ischemia can be augmented in cerebral cortex by
increasing acidosis with hyperglycemia.130 Moreover,
superoxide formed during reperfusion might mobilize
additional iron from ferritin131 and enhance lipid peroxida-
tion.132 Once abundant free iron is present, free radical pro-
duction may proceed at a rapid rate and deplete
endogenous antioxidants. Because tissue pH during reper-
fusion usually remains acidotic for 15 to 60 minutes,
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persistent acidosis during reperfusion might continue to
augment this adverse process. An interaction of metabolic
acidosis with oxygen radical damage is supported by evi-
dence that shows that the depressed metabolic recovery
associated with enhanced lactic acidosis during hyper-
glycemic ischemia97 is ameliorated by treatment with an
iron chelator133,134 or an antioxidant,135 whereas enhancing
carbonic acidosis during ischemia does not depress meta-
bolic recovery despite intra-ischemic pH falling to 5.7.136

The importance of this mechanism in normoglycemic
cardiac arrest is unclear, however because both carbonic
acidosis and metabolic acidosis contribute to the drop in
tissue pH when there is no blood flow to clear CO2.

Intra-ischemic acidosis augmented by hyperglycemia
affects protein kinases and protein phosphorylation
during recovery in a manner different from acidosis aug-
mented by hypercapnia and from normoglycemic
ischemia.137 Other potential mechanisms of acidotic
damage include changes in gene expression and protein
synthesis and activation of endonucleases, leading to DNA
damage.138 Therefore, the precise mechanism of interac-
tions between acidosis and other mechanisms of ischemic
injury remains uncertain and appears to depend on the
nature of the acid load (metabolic acid vs. CO2), the range
of pH during ischemia, the range of pH during reperfusion,
and the severity and duration of the ischemic insult.

Bioenergetics during chest compression CPR

In most experimental studies of global cerebral ischemia,
reperfusion is initiated by rapidly restoring cerebral perfu-
sion pressure to normal levels and producing a hyperemic
response in the vasodilated vascular bed. In the typical
clinical setting of cardiac arrest, however, a variable period
of chest compression CPR, which generates subnormal
levels of arterial blood pressure, occurs before the return
of spontaneous circulation. Because the increase in
intrathoracic pressure during each chest compression
increases intracranial pressure,139,140 cerebral perfusion
pressure during CPR is considerably lower than arterial
blood pressure. For example, cerebral perfusion pressures
in the range of 15–30 mmHg averaged over a chest com-
pression cycle have been measured in standard CPR.141 At
these low levels of cerebral perfusion pressure, cerebral
blood flow is expected to be less than 50% of the normal
value, which is insufficient to restore cerebral ATP and
pH.142 On the other hand, a low level of reperfusion
achieved with experimental CPR does not worsen intracel-
lular pH (Fig. 13.3), which might be of concern if the low
level of blood flow restored glucose delivery without con-
currently providing sufficient oxygen for aerobic energy

metabolism. With advanced CPR techniques that permit
higher levels of cerebral blood flow (50%–100% of normal)
to be generated, cerebral ATP partially recovers, but energy
supply is insufficient to restore cerebral pH (Fig. 13.3)
unless blood flow is near the normal level.90,142 Most impor-
tantly, brief delays in the onset of CPR after cardiac arrest
have a major effect on the level of cerebral blood flow that
can be generated (Fig. 13.4). As the delay in the onset of
CPR is increased from 0 minutes to 12 minutes, the rela-
tionship of blood flow to perfusion pressure progressively
shifts to higher perfusion pressures.143,144 Consequently,
the ability to regenerate ATP becomes markedly impaired
(Fig. 13.4). The increase in the zero-flow intercept on the
pressure axis might be related to progressive swelling of
astrocyte processes that surround capillaries, limiting flow
at low perfusion pressures. Aquaporin-4 water channels
are preferentially localized on astrocyte foot processes
near blood vessels and appear to contribute to ischemia-
induced swelling.145,146 Additional delivery of water into the
microcirculation that accompanies low perfusion might
lead to additional astrocyte swelling and further shifts in
the pressure–flow relationship.
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Therefore, intermediate levels of blood flow during
reperfusion generate intermediate levels of ATP recovery,
but recovery of tissue pH appears to require near normal
levels of blood flow and near normal levels of ATP recovery.
Consequently, it can be speculated that clinical CPR pro-
vides partial recovery of energy metabolism, at least after
relatively short arrest times (6 minutes), but that cerebral
acidosis persists until return of spontaneous circulation.
After longer arrest times, however, metabolic recovery is
likely to be poorer. These observations emphasize the
importance of early defibrillation.

Cerebral circulation after return of spontaneous
circulation

With return of spontaneous circulation and normal cere-
bral perfusion pressure after complete ischemia, cerebral
blood flow initially increases to above normal levels and
then decreases to below normal levels. The mechanism of
initial vasodilatation is multifactorial and includes ele-
vated extracellular concentrations of potassium,147 adeno-
sine,148 and nitric oxide,149,150 decreases in extracellular
pH and calcium, and possibly trigeminal sensory afferent
activation.151 The magnitude of the flow changes might
also depend on estrogen.152 Studies with iodoantipyrine
in rats33 and with stable xenon in dogs153 indicate that

initial hyperemia is relatively heterogeneous among brain
regions. The microvascular pressure required to start
reflow of a non-Newtonian fluid in individual capillaries
might be greater than the pressure required to maintain
flow, particularly if swollen astrocytes reduce capillary
diameter sufficiently to impede the flow of red cells and the
less deformable white cells.154 Thus, reperfusion at subnor-
mal perfusion pressure is expected to result in poor reflow
capillaries. Reperfusion accompanied by hypertension
and hemodilution for several hours has been used to
promote reflow and has been found to improve neurologic
recovery in animals.26,155 The existence of brain capillaries
with true zero blood flow at a time when perfusion pres-
sure is normal after resuscitation remains uncertain,
however, because the spatial resolution of most blood flow
techniques employed after ischemia33,153 does not resolve
individual capillary red cell flux.

Postischemic hyperemia typically lasts 5 to 40 minutes
and depends on the duration of ischemia.34 This hyperemic
phase is followed by a period during which cerebral blood
flow falls to subnormal levels and is termed “delayed
hypoperfusion.” The transition from hyperperfusion to
hypoperfusion has been assumed to depend on the gradual
clearance of vasoactive metabolites, although some evi-
dence suggests that the transition can occur abruptly.156

Delayed hypoperfusion does not appear to be the result

242 B. O’Neil et al.

Cerebral perfusion pressure (mmHg)

20 25 30 35

Fo
re

b
ra

in
 b

lo
o

d
 f

lo
w

 (
%

 o
f 

p
re

-a
rr

es
t)

0

20

40

60

80

100

Delay in
CPR (min)

0

1.5

3

6

12

Cerebral perfusion pressure (mmHg)

20 25 30 35

C
er

eb
ra

l A
T

P
 r

ec
o

ve
ry

 (
%

 o
f 

p
re

-a
rr

es
t)

0

20

40

60

80

100

Delay in
CPR (min)

0

6

12

Fig. 13.4. Left. Forebrain blood flow generated during CPR vs. cerebral perfusion pressure (arterial minus sagittal sinus pressure) when

CPR was started at different times after cardiac arrest in dogs. Cerebral perfusion pressure was regulated by adjusting inflation pressure

of a pneumatic thoracic vest during a continuous epinephrine infusion. Note the progressive decrease in blood flow at a particular

perfusion pressure when the CPR is delayed from 0 minutes to 1.5, 3, 6, and 12 minutes. Right. Percent recovery of cerebral ATP becomes

progressively lower when CPR is delayed from 0 minutes to 6 and 12 minutes at a particular level of perfusion pressure. (Curves drawn

from refs. 192 and 195.)



of neurogenic vasoconstriction157 or loss of neurogenic
vasodilatation.30 Both cerebral blood flow and oxygen con-
sumption are reduced in comatose cardiac arrest victims
during the first 6 hours after resuscitation158 and can
remain depressed in those with persistent coma.159

Postischemic reductions in oxygen consumption are also
observed in most experimental models of complete
ischemia.34,91,160 Therefore, reduced metabolic demand
may contribute to hypoperfusion. Nevertheless, increases
in oxygen extraction observed by some investigators153

suggest that postischemic reductions in metabolic rate do
not fully account for postischemic reductions in blood flow.

Delayed hypoperfusion generally lasts 2 to 6 hours. In a
1989 study, patients who regained consciousness after
cardiac arrest had normal cerebral blood flow before
regaining consciousness, whereas those who died without
regaining consciousness surprisingly exhibited increased
cerebral blood flow by 24 hours after resuscitation.161 The
pathologic significance of delayed hypoperfusion remains
uncertain because its severity does not necessarily correl-
ate with the neurologic outcome in animals,162 and treat-
ment with nimodipine to reduce delayed hypoperfusion
did not improve outcome in patients163 or animals.164,165

On the other hand, perfusion defects in individual capil-
laries have been observed84 and could result in neuronal
damage. Leukocytes, which are much less deformable
than red cells and can be a major source of oxygen radicals,
may contribute to hypoperfusion by plugging com-
pressed capillaries.166 Endothelium-dependent vasodilata-
tion is impaired in pial arterioles167 by an oxygen
radical-dependent mechanism,168 and this impairment in
female animals is augmented by the loss of estrogen.169,170

Furthermore, cerebral blood flow responses to CO2 are
largely impaired, whereas flow responses to hypoxia
and changes in blood pressure are only modestly
affected 28,171–173 Oxygen radicals appear to be involved in
loss of CO2 reactivity.168,174 Delayed hypoperfusion is atten-
uated by antioxidant treatment after cardiac arrest,175,176 but
not by osmotic or thrombolytic therapy.177 Therefore, selec-
tive abnormalities in vascular regulation occur during the
delayed hypoperfusion period at both the macrocirculatory
and microcirculatory levels. The consequence of hypoper-
fusion on neuronal injury, however, remains unclear.

Mechanisms implicated in selective vulnerability

The selectively vulnerable areas of the brain are the hip-
pocampus CA1 region, the cerebral cortical layers 3–5, and
the cerebellar Purkinje cells. The phenomenon of selective
neuronal vulnerability can be explained by two main

hypotheses: the excitotoxic neurotransmitter hypothesis,
based largely upon events during ischemia, and the free
radical hypothesis, primarily due to events during reperfu-
sion. The excitotoxic neurotransmitter theory suggests that
the selectively vulnerable cell bodies and dendrites receive
afferent projections that release large amounts of amino
acid neurotransmitters (i.e. glutamate) during ischemia-
induced depolarization.178 There are two classes of gluta-
mate receptors, one being the inotropic receptors, which
are the ligand-gated ion channels, and second the
metabotropic glutamate receptors (mGluR), which are
coupled to cellular effectors via GTP-binding proteins. On
the vulnerable neurons glutamate may bind to the
two inotropic receptors that are distinctively activated
by either N-methyl-D-aspartate (NMDA) or �-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA).
NMDA receptor activation opens a Ca2� channel, allowing
Ca2� influx, and AMPA receptor activation opens a Na�

channel, allowing Na� influx. The increased intracellular
Na� concentration (Na�

i) is thought to induce reversal of
normal Ca2� extrusion through a 3 Na�/Ca2� antiporter,
thereby also resulting in increased intracellular Ca2�

i.
Studies with brain slices and cell cultures suggest that the
mGluRs are coupled to several second messenger systems
in situ, including those involved in activation of phospho-
inositide hydrolysis, regulation of cAMP formation, and
ion (calcium and potassium) channel modulation. The
mGluR agonists have two unusual effects. First, they
reduce transmission of excitatory amino acid (glutamate)
and reduces inhibitory postsynaptic potentials (probably
via decreased GABA release). Second, in the hippocampal
CA1 region mGluR agonists induce long-term synaptic
potentiation (thought to be how memory is formed), prob-
ably mediated by protein kinase C-induced escalation in
NMDA receptor currents.179 Intraocular injection of the
metabotropic receptor agonists protects against retinal
damage induced by NMDA, but intra-hippocampal injec-
tions of mGluR agonists caused massive hippocampal
damage in some rat strains.180,181

There is convincing evidence for glutamate release
during complete global ischemia.178 The resultant calcium
influx stimulates even more glutamate release from presy-
naptic vesicles.182 In addition reuptake of glutamate is
inhibited by arachidonic acid183 and other products of lipid
peroxidation.184 Magnesium, which inhibits synaptic trans-
mitter release and, as a natural calcium antagonist also
inhibits cell death in vitro.185,186 Nevertheless, NMDA recep-
tor antagonists have generally failed definitively to salvage
neurons after complete global ischemia. There is little evi-
dence for sustained exposure to elevated glutamate during
reperfusion, calling into question whether glutamate plays
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a role in the progressive neuronal reperfusion injury.
Further, the hydrogen ions that accumulate intra- and
extracellularly during ischemia have been shown to inhibit
the NMDA receptor.187 There is however more promising
evidence that AMPA receptor blockade is neuroprotective
following complete global ischemia.188 Excitotoxic mech-
anisms mediated at this receptor may play a larger role in
complete global ischemia and reperfusion injury than that
mediated by the NMDA receptor. In total this evidence rein-
forces the role of ischemia-induced Ca2� overload as a prin-
cipal mechanism in neuronal death.

The free radical hypothesis of selective vulnerability
asserts that neurons are more susceptible to radical-
induced damage (specifically lipid peroxidation) during
reperfusion because (1) they are deficient in glutathione
peroxidase,189 and (2) they are surrounded by oligodendro-
cytes that have iron stores which are released during
ischemic reperfusion and catalyze formation of free radi-
cals.190,191 Indeed, White et al. reported direct histochemi-
cal evidence that during the first 90 minutes of reperfusion
following a 10 minute cardiac arrest in rats, lipid peroxida-
tion was concentrated in the selectively vulnerable
zones.192 In particular the lipid peroxidation products
localized to the area of the Golgi apparatus, an important
site of membrane recycling, and in the apical dendrite, an
area rich in mitochondria.193,194

Since the two theories primarily involve different phases
in an injury continuum (i.e., ischemia then reperfusion),
the glutamate and free radical hypotheses are by no means
mutually exclusive. Furthermore substantial evidence
exists for membrane damage caused by both calcium acti-
vation of phospholipases and generation of free radicals
during reperfusion. Later in the chapter we will explore the
idea that damage to membrane lipids plays a central role in
postischemic brain injury. In the next section we will
explore the loss of calcium homeostasis as mediated by
both energy depletion and glutamate receptor activation
during ischemia.

Calcium flux and calcium activated proteases

Disruption of neuronal Ca2� homeostasis during global
brain ischemia and reperfusion

In vivo microelectrode measurements of hippocampal CA1
pyramidal neurons indicate that cytosolic [Ca2�] increases
from a baseline of 60–90 nM to 20–200 �M within 8 minutes
of transient forebrain ischemia.195,196 If reperfusion occurs
after brief to moderate durations of ischemia, cytosolic
[Ca2�] returns to baseline within 20 minutes.65,21,22 A

secondary increase in cytosolic Ca2�, however, is detected
as early as 4–6 hours after reperfusion.197 Unfortunately, no
direct measurements of cytosolic Ca2� beyond 6 hours have
been reported. Less quantitative histochemical techniques
have demonstrated a transient increase in mitochondrial
Ca2� by 10 minutes of reperfusion that returns to baseline
within 1–2 hours.198–200 Secondary increases in mitochon-
drial Ca2� appear 24 hours after reperfusion in the hip-
pocampal CA1 sector prior to evidence of ATP depletion or
the morphologic appearance of cell death.201 In contrast to
the cytosol and mitochondria, endoplasmic reticulum Ca2�

is persistently depleted in postischemic CA1 pyramidal
neurons.202 Ultimately, total tissue Ca2� in the CA1 hip-
pocampus begins to increase 48 hours after reperfusion
and reaches a peak at 72 hours corresponding to
histopathological evidence of neuronal death.203,204

Overall, these measurements show that cytosolic and
mitochondrial Ca2� overload observed during ischemia
and early reperfusion is reversible, but sustained ER Ca2�

depletion and delayed secondary cytosolic and mito-
chondrial Ca2� overload occur in neurons that eventually
die. Understanding the mechanism of delayed secondary
disruption of Ca2� homeostasis is essential to discover-
ing the cause of delayed postischemic neuronal death.
Dysfunction of a number of Ca2� regulatory proteins has
been implicated, including plasma membrane Ca2�-
ATPase, the L-type voltage-gated Ca2� channel, NMDA
receptor, AMPA receptor and transient receptor potential
melastatin (TRPM7)205–212 and endoplasmic reticulum
proteins including endoplasmic reticulum Ca2� ATPase,
the IP3 receptor and the ryanodine receptor.32,213

The calpain/calpastatin system

Calpains (EC 3.4.22.17) are a family of non-lysosomal
neutral cysteine proteases. Their activity is absolutely
dependent on Ca2� and is regulated by a specific endo-
genous inhibitor calpastatin.214,215 The two ubiquitous
calpain isoforms are �-calpain (calpain I) and m-calpain
(calpain II). Immunohistochemical studies have demon-
strated that �-calpain is concentrated in neurons, while
m-calpain appears to be relatively more abundant in glia,
and calpastatin is evenly distributed between the two cell
types.216–219 �-Calpain and m-calpain are heterodimeric
proteins that have nearly identical substrate specificity, but
require different Ca2� concentration ([Ca2�]) for activity.41

The [Ca2�] required for in vitro proteolytic activity of
�-calpain is 3–50 �M and for m-calpain is 200–1000 �M.220

The two isoforms have unique 80-kDa catalytic subunits
with only 50% sequence homology, but share a common
30-kDa regulatory subunit. The catalytic subunits of �
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calpain and m-calpain undergo N-terminal autoproteoly-
sis at a [Ca2�] slightly greater than that required for sub-
strate proteolysis. The result of autoproteolysis is a
decreased Ca2� requirement for subsequent proteolytic
activity (0.6–0.8 �M for �-calpain and 50–150 �M for m-
calpain).221–223 This reduced Ca2� requirement of autolyzed
calpains may be a mechanism of potentiated proteolytic
activity in response to recurrent intracellular Ca2� overload
such as occurs in postischemic neurons.

In vivo calpain activity is measured by demonstrating
autoproteolysis and/or substrate degradation. Autopro-
teolysis of calpain I reduces the mass of the 80-kDa subunit
first to 78-kDa and then to 76-kDa, and these forms can be
resolved by SDS-PAGE and detected by Western blotting.224

Autoproteolysis of the 80-kDa calpain II subunit reduces
the mass to 78-kDa, but this usually cannot be resolved by
SDS-PAGE. Calpain substrate degradation is detected by
the loss of intact protein or the appearance of calpain-
specific degradation fragments, the latter of which is much
more sensitive. For the cytoskeletal protein �-spectrin,
antibodies have been generated that bind specifically to
the �-spectrin fragment uniquely generated by calpain
proteolysis.225,226 This method appears to be the most sen-
sitive way for detecting in vivo calpain activity in rodent
models of brain ischemia.

Calpains are physiologically involved in regulation of the
cell cycle, mitosis, motility, signal transduction, gene
expression, long-term potentiation, and synaptic remodel-
ing.41,42,227,228 Functional knockout of both ubiquitous iso-
forms is achieved by knockout of the common regulatory
subunit and is embryonically lethal.229,230 Knockout of m-
calpain is also embryonically lethal,42 whereas �-calpain
knockout mice survive and are fertile.231 Honda et al.232

recently reported that RNAi-mediated knockdown of
m-calpain but not �-calpain caused aberrant mitosis and
abnormal chromosome alignment. Taken together these
results strongly suggest that the two isoforms have unique
physiologic roles despite their common substrate profile.
Under physiologic conditions, calpain activity is likely to
be stimulated by transient localized increases in cytosolic
Ca2� and to be tightly regulated by the presence of calpas-
tatin. In contrast, the massive unlocalized increase in
cytosolic Ca2� that occurs during brain ischemia is likely to
overwhelm endogenous regulatory systems and thus result
in pathologic calpain activity.

Neuronal calpain activity during global brain ischemia
and reperfusion

The initial increase in cytosolic Ca2� during severe brain
ischemia is clearly adequate to cause increased �-calpain

activity and autoproteolysis based on in vitro kinetic data.
We have demonstrated �-calpain autoproteolysis and
calpain substrate degradation within 10–20 minutes of
cardiac arrest in rabbits.233,234 Yamashima et al.235 used
immunohistochemistry with an antibody specific to the
76-kDa autolyzed form of calpain I to demonstrate the
appearance of autolyzed �-calpain in the cytosol of CA1
and cortical pyramidal neurons after 20 minutes of global
brain ischemia in monkeys. In our rat model of transient
forebrain ischemia, a transient increase in calpain-
mediated �-spectrin cleavage product is detected in the
CA1 hippocampus 1 hour after reperfusion followed by a
ten-fold greater rise beginning between 24 and 48 hours
after reperfusion.236 This result is consistent with that pub-
lished by several other investigators using different models
or species.52,53,237

Studies with calpain inhibitors provide evidence that
neuronal death following both global and focal brain
ischemia may be caused by increased calpain activity.238–244

However, these studies must be interpreted with caution,
because all synthetic calpain inhibitors effective in vivo
have significant activity against other proteases245,246

including cathepsins, which have also been mechanisti-
cally implicated in postischemic neuronal necrosis acting
downstream of calpains.247,248 Furthermore, studies of
calpain inhibitor cannot elucidate the relative role of
�-calpain and m-calpain because all known calpain
inhibitors are effective against both isoforms. Bendarski
et al.,249 reported, however, that anti-sense-induced trans-
lation suppression of �-calpain in cultured neurons
decreased spectrin proteolysis and improved recovery of
evoked synaptic responses after NMDA-induced injury.
This observation supports the hypothesis that �-calpain is
primarily responsible for pathologic calpain activity in
postischemic neurons.

Nitric oxide

Nitric oxide (NO) is a free radical generated from the con-
version of arginine to citrulline by the three isoforms of the
enzyme nitric oxide synthase (NOS). Constitutive isoforms
are regulated by calcium and calmodulin and are located in
endothelium, periarterial nerves,250 and in approximately
2% of parenchymal neurons,251,252 whereas a calcium-
independent isoform can be induced in microglia,
macrophages, and astrocytes. Parenchymal NOS neurons
are highly arborized,253 permitting NO to diffuse to many
neighboring neurons, where it can stimulate soluble
guanyl cyclase.254 The activity of neuronal NOS, anchored
by postsynaptic density proteins, is coordinated by
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calcium entry through NMDA receptors.255,256 In addition,
activation of AMPA, kainate, and metabotropic glutamate
receptors can result in stimulation of NOS activity.257–261

Overstimulation of these glutamate receptors during and
after ischemia is thought to lead to an overproduction of
NO in neurons.262,263

Nitric oxide can form reactive peroxynitrite anions,
nitrosonium cations and nitroxyl anions, and alterations of
metalloprotein redox state.264,265 Most important, ischemia
and reperfusion increase superoxide production which, in
the presence of increased NO availability, rapidly generates
excess peroxynitrite anion.266 In the presence of carbon
dioxide, peroxynitrite forms the nitrogen dioxide interme-
diate, which leads to nitration of tyrosine residues and
altered protein function, nitrosylation of sulfhydryl groups
on proteins, and hypochlorous acid.264,267 Peroxynitrite can
form hydroxyl radicals without a requirement for iron,
leading to DNA damage268,269 and lipid peroxidation.270

Reduced NMDA toxicity and reduced ischemic damage
by both Cu,Zn-superoxide dysmutase overexpression and
NOS inhibitors are consistent with a peroxynitrite-
mediated mechanism.253,271 Damage to DNA causes acti-
vation of the nuclear repair enzyme poly(ADP-ribose)
polymerase (PARP). Overactivation of PARP, however,
causes caspase-independent cell death by stimulating
translocation of apoptosis-inducing factor from the mito-
chondria to the nucleus272 and possibly by depleting
NAD�.273,274 Inhibitors of PARP reduce toxicity from NMDA
and from NO donors in neuronal culture.269 Translocation
of apoptosis-inducing factor into the nucleus has been
described in hippocampal neurons after global ischemia.275

The role of neuronally derived NO in ischemic damage is
largely supported by evidence from focal ischemia in male
animals, in which administration of NOS or PARP
inhibitors or gene deletion of neuronal NOS or the PARP-1
isoform reduce infarct size.276–279 Unexpectedly, this mech-
anism appears to differ in female animals that are sub-
jected to focal ischemia.280 In contrast to focal ischemia,
the role of NO in global ischemia in vivo is less convincing.
Studies in gerbil,281,282 rat,283 and cat284 with NOS inhibitors
failed to detect an improvement in histopathology,
although some reports have described a positive effect.285

Moreover, endothelial NOS exerts protective effects in
focal ischemia by promoting blood flow and limiting
platelet aggregation and inflammation. The use of
inhibitors that act on both neuronal and endothelial NOS
could result in offsetting effects. In contrast to the phar-
macologic strategy, neuronal NOS-deficient mice were
found to have reduced hippocampal neuronal cell loss in
the CA1 region after global cerebral ischemia.286 Moreover,
the PARP-1 isoform appears to be important in neuronal

injury from global ischemia, because PARP-1-deficient
mice had improved neuronal viability in striatum and hip-
pocampus after cardiac arrest and resuscitation.287

Therefore, genetically altered mice support a link among
neuronally derived NO, PARP activation, and hippocampal
injury after global ischemia, but more robust biochemical
and molecular evidence will be required to substantiate
that the observed effects are not related to developmental
effects of gene deletion. Furthermore, additional work is
required to elucidate how these mechanisms may differ in
the female, where injury in the hippocampus, but not stria-
tum, after cardiac arrest appears to be linked to gender and
where overexpression of superoxide dismutase has no
additional protective effect.288

Because the inducible isoform of NOS (iNOS) is calcium
independent, it can produce a large amount of NO continu-
ously if substrate is available. Induction of iNOS has been
studied in experimental focal ischemia, where induction
in microglia and astrocytes in the peri-infarct region
increases over a 48-hour period.289 The iNOS inhibitor
aminoguanidine given as late as 24 hours after focal
ischemia can attenuate the progression of the infarction.290

A role for iNOS in the infarction process is also supported
by the reduced infarct size seen in iNOS null mice.291 But the
role of iNOS in neuronal injury that arises from global cere-
bral ischemia in which infarction does not occur has not
been well studied. In one study of four-vessel occlusion in
the rat, aminoguanidine was shown to reduce the nitrite
and nitrate metabolites of NO at 24 hours of reperfusion in
hippocampus, restore long-term potentiation in the hip-
pocampus, and improve performance on a short-term
memory task.292 In another study, aminoguanidine was
found to increase the number of viable pyramidal neurons
in the hippocampus and reduce the number of NADPH-
diaphorase-positive cells (presumed to represent iNOS in
activated microglia and macrophages) over 14 days of
reperfusion.293 Therefore, increased activity of iNOS over
many days of reperfusion may contribute to the delayed
neuronal loss in the hippocampus after global ischemia.

Membrane Damage by Brain Ischemia and
Reperfusion

Enzymatic lipolysis during brain ischemia and
reperfusion

ATP stores in the brain are depleted within 4 minutes of
complete ischemia. This depletion is associated with loss of
the normal transmembrane gradient of Ca2� the resultant
increase in Ca2�

i catalyzes lipolysis during ischemia. (The
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subsequent free fatty acid (FFA) release metabolism gener-
ates superoxide radicals (�O2

-) during reperfusion.) Initially,
phospholipases are activated during early ischemia.294–296

The phospholipases are a ubiquitous family of enzymes,
found in the cytosol, plasmalemma, and mitochondrial
membrane, that hydrolyze functional groups from phos-
pholipids.297,298 Of particular interest is phospholipase A2,
which has an absolute requirement for calcium299,300 and
cleaves fatty acyl chains from the �-position of phospho-
lipids. Arachidonic acid in mammalian cells is esterified
almost exclusively at the �-position. Thus, lipolysis during
ischemia results in accumulation of free fatty acids, espe-
cially arachidonic acid, whose metabolism during reperfu-
sion produces �O2

-. Cyclooxygenase catalyzes the addition
of two molecules of O2 to an unsaturated fatty acid, like
arachidonic acid, and produces prostaglandin PGG, which
is rapidly peroxidized to PGH with concomitant release of
�O2

- 182 There is evidence that the rate of lipolysis in the
selectively vulnerable zones is significantly greater than it is
in other areas of the brain.296

The release of FFA appears to continue during reperfu-
sion.301 Enzymatic lipolysis and lipid peroxidation may act
synergistically in membrane destruction during reperfu-
sion, as erythrocytes damaged by lipid peroxidation are
lyzed more rapidly by phospholipase than are normal
membranes.302,303 Thus, fatty acids that have been per-
oxidized are better substrate for phospholipase and
some products of lipid peroxidation stimulate phospholi-
pase.304,305 In addition to the lipid peroxidation, there is evi-
dence of substantial inhibition of the lipid repair enzymes,
lysophosphatidylcholine acyltransferase and fatty acyl CoA
synthetase during reperfusion.306 Lipid hydroperoxides, a
product of lipid peroxidation, also interfere with the reacy-
lation (salvage pathway) of neuronal phospholipids.307

Lipid peroxidation during brain reperfusion

The morphological progression of injury during reperfu-
sion led to the hypothesis308 that accelerated structural
damage is a consequence of excessive generation of oxygen
radicals followed by lipid peroxidation. The resultant
changes in the conformation or configuration of the fatty
acids alters the permeability and fluidity of the membrane
leading to compromised receptors and ion channels.

Lipid peroxidation comprises a set of radical-mediated
chemical chain reactions whereby the double bonds in the
unsaturated fatty acid side chains are rearranged.309 The
cell membrane contains a large number of unsaturated
fatty acids in a monolayer and is a favorable environment
for a lipid peroxidation chain reaction.310 The divinyl
hydrogens in the PUFA side chains of membrane lipids are

particularly susceptible to attack by oxidizing chemical
species.311 After initial abstraction of the divinyl hydrogen
and rearrangement of double bonds in the PUFA to form a
conjugated diene, the consequent lipid alkyl radical reacts
with O2 to form the lipid peroxyl radical, which then
abstracts a divinyl hydrogen from a second PUFA, yielding
a lipid hydroperoxide and another lipid alkyl radical. In the
presence of a transition metal, the lipid hydroperoxide can
be converted to a lipid alkoxyl radical, which is elec-
trophilic enough to initiate further lipid peroxidation.312

This allows geometric expansion of the chain reactions.
PUFA hydroperoxides and alcohols undergo a number of
subsequent catabolic reactions that generate several alde-
hydic products, including malondialdehyde.313

The identity of the initiating oxidizer remains unclear
despite intense investigation,309,314 although it is well estab-
lished that the presence of a transition metal is required as
a catalyst. Iron is undoubtedly the biologically relevant
transition metal catalyst. The brain glia have abundant
stores of oxidized (ferric) iron,315 mostly in ferritin and
transferrin316 which is unable to act as a catalyst for oxygen
radical reactions. Nonetheless, �O2

- promotes reduction of
ferric and release of ferrous iron from ferritin,132 a reaction
possible only during reperfusion. Iron delocalization into
low-molecular weight species is seen in the brain during
postischemic reperfusion.129 Kinetic modeling has shown
that membrane lipid peroxidation can be initiated in the
presence of 1 �M iron by reduction via �O2

- 317

Membrane lipids are extensively peroxidized by iron-
dependent radical reactions during reperfusion.318–323

Sakamoto et al. demonstrated increased in vitro formation
of N-tert-butyl-a-phenyl-nitrone (PBN – a radical spin
trap) spin adducts during reperfusion following 10 to 20
minutes of carotid occlusion in rats, and interpreted this as
representing a burst of free radical production.322 They
found that the PBN adduct reached a peak at 5 minutes of
reperfusion, and this peak increased with longer ischemic
time. Furthermore, they noted products of lipid peroxida-
tion were increased as early as 30 minutes after 10 minutes
of ischemia, and the degree of lipid peroxidation also
increased with longer ischemic time. Bromont et al. found
brain lipid peroxide levels were selectively increased in
the hippocampus, striatum, and cortex between 8 and
72 hours of reperfusion after 30 minutes of 4-vessel occlu-
sion in the rat.321 In our work, by 8 hours of reperfusion,
there was loss of 30% of the lipid double bond content and
ultrastructural evidence of large gaps in the neuron plas-
malemma.324 At this point, the neurons were no longer able
to maintain ionic homeostasis. The biochemical effects we
observed were significantly inhibited by treatment with
deferoxamine during the first 15 minutes of reperfusion.325
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We have utilized a rat model of 10-minute cardiac arrest
and resuscitation326 to study cellular localization of reper-
fusion-induced lipid peroxidation. By 90 minutes postre-
suscitation, reperfusion-induced fluorescent products of
the reaction between thiobarbituric acid and lipid aldehy-
des formed by lipid peroxidation are found in the pyrami-
dal neurons in the infragranular layers of the cerebral
cortex, including layers 5 and upper layer 6, and in the
pyramidal layer of Ammon’s horn in the hippocampus. Our
observations are consistent with the chemical data on lipid
peroxidation during reperfusion and verify the study of
Bromont et al. showing that the selectively vulnerable
neurons are damaged specifically by lipid peroxidation
during early reperfusion.

These reactions also appear to be involved in the genesis
of the postischemic hypoperfusion phenomenon, which is
inhibited by superoxide dismutase and deferoxamine327 or
U74006F,328 a lipid peroxidation chain terminator.329 Thus,
there is now evidence implicating membrane damage by
reperfusion-induced lipid peroxidation in both histologi-
cal damage to neurons and in the genesis of the postis-
chemic hypoperfusion syndrome.

Protein synthesis and brain ischemia and
reperfusion

At the onset of reperfusion following global ischemia,
protein synthesis is inhibited in neurons throughout the
entire brain,330 but it recovers over a 6–24-hour period in
neurons more resistant to ischemic damage. In the brain
region most vulnerable to transient ischemia, the CA1 of
the hippocampus, normal levels of protein synthesis never
recover during reperfusion even after relatively brief dur-
ations of ischemia.331 Indeed, a number of investigators
have suggested that persistent suppression of protein is a
marker for neurons destined to die in the reperfused brain.
Because proteins have such fundamental roles in the cell,
including enzymatic reactions governing intermediary
metabolism, transport, and storage, as well as intracellular
signaling and cellular structure, significant changes in the
ability of neurons to produce and maintain proteins would
be expected to have considerable effects on the capacity of
the cells to survive. The brain has a substantial requirement
for protein synthesis just to maintain homeostasis. It
expresses the largest percentage of its DNA of any organ,
and its protein turnover is approximately equal to 100% of
its protein content every 48 hours. Additionally, as a result
of ischemia and reperfusion, there is a significant need for
replacement of proteins damaged by calpain-mediated
proteolysis and membrane lipid peroxidation (neuronal

membranes are �50% protein). We will first review the
regional and temporal pattern of protein suppression
occurring as a consequence of brain ischemia and reperfu-
sion and then review the pathophysiological mechanisms
responsible.

Patterns of protein suppression in reperfused brain

Postischemic suppression of protein synthesis was first
reported in 1971 by Kleihues and Hossman.332 When cats
were given 14C-labeled amino acids intravenously during
reperfusion and the protein was extracted from brain
homogenates 30 minutes later, a 30% decrease in label
incorporation was observed after 4 hours of reperfusion fol-
lowing 30 minutes of ischemia. Evidence now indicates that
in the selectively vulnerable neurons the post-ischemic sup-
pression of brain protein synthesis is severe and prolonged.
Cooper et al. measured [14C]phenylalanine incorporation
by in vitro translation utilizing the postmitochondrial
supernatant from rat brain homogenates.333 Incorporation
was normal in the homogenates derived from rats after 15
minutes of ischemia, but had fallen 80% after 15 minutes of
reperfusion. They concluded that the reduction of protein
synthesis was a consequence of reperfusion. Nowak et al.
found that in vitro amino acid incorporation by the post-
mitochondrial fraction prepared from gerbil brain homo-
genates was normal after 30 minutes of ischemia without
reperfusion.334 After 10 minutes of recirculation, however,
protein synthesis had decreased 90% and slowly recovered
to 60% of baseline by six hours of reperfusion. Moreover,
these studies show that as little as 3 minutes of ischemia
triggers suppression of protein synthesis during reper-
fusion. The degree of suppression was dependent on the
duration of the ischemia for ischemic periods of less than 5
minutes; longer ischemic times did not result in any addi-
tional suppression. Recovery of protein synthesis was not
affected by the duration of ischemia in this model. In con-
trast, Dienel et al. found that increasing the duration of
ischemia delays the recovery of in situ protein synthesis in
the surviving areas.335

Translational competence in the brain after ischemia/
reperfusion is not regionally homogeneous; the cortex,
hippocampus, and caudate show severe and prolonged
suppression of protein synthesis, while the brainstem
and midbrain structures are relatively unaffected.336 Araki
et al., using a bilateral carotid occlusion model in the
gerbil, demonstrated regional differences in L-[methyl-
14C]methionine incorporation and corroborated the exist-
ence of an ischemic threshold for suppression of protein
synthesis.331 They found that 1 minute of ischemia did not
suppress protein synthesis during reperfusion. After 2
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minutes of ischemia, however, there was a severe, but
reversible suppression, and 3 minutes of ischemia pro-
duced a severe loss of protein synthesis in the neocortex,
striatum, the whole hippocampus, and the thalamus that
slowly recovered during the following 5–24 hours; the CA1
region of the hippocampus never recovered its ability to
incorporate label. These areas are also the ones most sus-
ceptible to delayed neuronal death following ischemia,
indicating that a prolonged deficit in postischemic protein
synthesis correlates with the selective vulnerability of
these areas to ischemia and reperfusion.

Mechanisms of protein suppression in reperfused brain

Although the patterns of postischemic suppression of
protein synthesis in the brain are well described, the mech-
anisms that cause it are still under investigation. Protein
synthesis is a complex process requiring (1) high energy
phosphates, (2) intact DNA, (3) intact transcription machin-
ery, (4) processing and transport of mRNA from the site of
transcription to the site of translation, and (5) intact trans-
lation machinery. Each of these steps is a potential site of
disruption following ischemia and reperfusion.

Energy supply

Because protein synthesis requires energy, depletion of
ATP/GTP stores is responsible for its cessation during
ischemia. Nowak et al. showed that the postmitochondrial
supernatant fraction isolated from ischemic brain would
incorporate amino acids into polypeptides if a source of
high-energy phosphates was added.337 High-energy phos-
phate depletion cannot account for the prolonged sup-
pression of protein synthesis seen during reperfusion,
however, ATP, phosphocreatine, and GTP, all essentially
zero after 5 minutes of ischemia, are normal by 15 minutes
of recirculation.334

DNA stability and transcription

When a particular protein is to be made, the nucleotide
sequence from the appropriate section of the chromoso-
mal DNA is first transcribed into an RNA molecule. These
transcripts are then subjected to a series of processing
steps that includes capping on the 5� end, removal of
intron sequences by splicing, and polyadenylation on the
3� end before the messenger RNA is permitted to exit from
the nucleus and be translated into protein.

Brain DNA does not accrue any significant damage by
either endonucleolytic or free radical mechanisms during
cardiac arrest or during early reperfusion. We developed

sensitive assays able to detect low levels of damage
(1 radical-mediated single-strand nick in 200 000 base
pairs), but found no evidence of radical-mediated base
damage nor of strand scission in brain genomic or mito-
chondrial DNA after a 20 minute cardiac arrest followed by
up to 8 hours of reperfusion.338,339 Furthermore, neither
thymine glycols nor thymine dimers, formed by free radical
mechanisms and known to cause premature termination of
transcription, were seen in the same model. Hours later,
however, apoptosis can be triggered in neurons, and as a
part of that response, Ca2�/Mg2�-dependent endonucle-
ases are activated that cleave DNA into the characteristic
200-base pair pieces.

mRNA processing

Following synthesis by RNA polymerase II, the 5� terminus
of the nascent transcript is modified by the addition of a
7-methylguanosine (m7G) cap; this cap helps the RNA to be
properly processed, exported, and attached to a ribosome
for translation. After capping, the pre-mRNA enters the
splicing pathway where the introns (sequences of bases
interspersed between coding sequences) are removed and
the transcript is brought to its mature sequence. In
animals, all mRNAs, except histone mRNAs, are termin-
ated on the 3� end by a polyadenylate tail [poly(A)�], 100 to
200 nucleotides in length, which increases the stability of
the message and appears to act as a signal for transport to
the cytoplasm.

Intron-containing mRNAs are tightly bound to the
nuclear matrix, most likely by the splicing system, which
appears to be an integral part of matrix structure. Transit
through the splicing pathway seems to be a prerequisite for
transport of at least some transcripts out of the nucleus.
Nuclear placement of a single cDNA coding for the 16S
mRNA of SV40 results in normal transcription, processing,
and cytoplasmic transport of the message only if there is at
least one intron contained in the gene.

There is some evidence that splicing, and presumably
the resulting proteins, are altered in neurons following a
transient ischemic event.340 Splice-site selection depends
on the relative concentration of splicing regulatory pro-
teins. When C57BL/6 mice were subjected to transient
focal cerebral ischemia for 1 hour and various recircu-
lation times, splicing regulatory proteins tra2-�1 and
SAM68 changed their intracellular localization from the
nucleus to the cytoplasm in neurons. This relocalization
was an active process and not the result of a non-specific
breakdown of the nuclear envelope; the splicing factor
rSLM-2 and ribosomal RNA complexes remained in the
nucleus, and there was no evidence of apoptosis. These
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effects seem to be specific, because the splicing patterns
of Bax, Bcl, and SERCA2 genes were not affected. The
changes in pre-mRNA splicing pathways caused by the
relocalization of proteins that regulate splice-site selec-
tion were due to a change in the calcium concentration
associated with ischemia.341 Alternative splicing has also
been shown to be a regional phenomenon. Neurexin III�
mRNA is up-regulated in postischemic CA3 and contained
the insert corresponding to the fourth splicing site,
whereas the transcripts in postischemic CA1 neurons and
control CA3 neurons lacked the insert.

The effects of alternative splicing are unknown, but may
be profound. The transcripts of most genes that encode
apoptotic regulators are subject to alternative splicing,
which can result in the production of anti- or pro-apoptotic
protein isoforms. Daoud et al. studied the ICH-1 gene that
can generate two isoforms: ICH-1L, which promotes apop-
tosis, and ICH-1S, which prevents apoptosis.342 In C57BL/6
mice subjected to transient focal cerebral ischemia, the
ischemic episode stimulated inclusion of an alternative
exon and the formation of the ICH-1S form. Conversely, a
study of Bax 	, a splice variant of Bax, found that expression
of Bax 	 mRNA and protein was up-regulated in the hip-
pocampus after cerebral ischemic injury. The increased Bax
	 mRNA was distributed mainly in selectively vulnerable
hippocampal CA1 neurons that are destined to die after
global ischemia. In vitro, overexpression of Bax 	 protein
in HN33 mouse hippocampal neuronal cells induces cell
death.

Non-intron-containing transcripts are not affected
because they do not require splicing, but there is some
evidence suggesting that translation of these transcripts
depends upon the sequence of the 5� leader.

Nucleocytoplasmic transport of mRNA

To reach the cytoplasm, the mRNA must transit through a
nuclear pore complex (NPC), which spans the nuclear
envelope and serves as a gateway of communication
between the nucleus and cytoplasm.343 The pore is a huge
structure with 50 individual nuclear pore proteins that
allows proteins of less than 5-kDa to pass unimpeded, but
large molecules must be actively transported. Correctly
processed mRNAs interact with the NPC in the form of large
ribonucleoprotein complexes (mRNPs) rather than the
naked mRNA molecule. mRNP complexes contain nuclear
mRNAs, the cap binding proteins CBP20 and CBP80,
general RNA binding proteins, splicing factors (for those
mRNAs derived from spliced precursors), and other factors
involved in pre-mRNA processing. In general mRNA export
does not depend on a specific nucleotide motif.

A group of evolutionarily conserved proteins known as
nuclear export factors (NXFs) is responsible for export-
ing the majority of cellular mRNAs to the cytoplasm.
Recruitment of export factors to nascent mRNA starts
cotranscriptionally and involves elaborate systems of
quality control. NXFs mediate the interaction between the
mRNA export cargo and components of the NPC required
for translocation. Presumably, export factors can load onto
mRNA in both a relatively non-specific way as well as via
splicing-coupled mechanisms.

Release of mature mRNA from the nuclear matrix
requires ATP and DNA topoisomerase II and is the rate
limiting step in mRNA nuclear translocation. Mechanical
disruption of the nuclear membrane does not increase
mRNA efflux; as immature (intron-containing) mRNA
remains matrix-bound. Transport of poly(A)� mRNA
requires hydrolysis of ATP or GTP, and is mediated by a
nucleoside-triphosphatase (NTPase) that is associated
with the inner nuclear membrane and the nuclear lamina.
The NTPase is stimulated in situ by poly(A)� mRNA, but
not by poly(A)– mRNA; an effect that is mediated by a pore-
associated poly(A)� binding protein.344

There are some observations suggesting that newly syn-
thesized mRNA does not efficiently reach the cytoplasm
following ischemia and reperfusion. Autoradiograms of
pulse-labeled RNA in gerbils reperfused after 5 minute fore-
brain ischemia showed accumulation of newly synthesized
RNA in the nucleus with little appearing in the cyto-
plasm.345 Moreover, there are normal levels of newly syn-
thesized mRNA in the nucleus and mitochondria during
reperfusion but decreased new mRNA in the microsomal
and ribosomal fractions. Similarly, there is apparent reten-
tion of RNA in the nucleus during reperfusion by using acri-
dine orange staining. Together, this indicates a reduction in
mRNA transport from nucleus to cytoplasm has occurred,
and an increased population of messages is being retained
in the nucleus.

To study poly(A)� mRNA transport and NTPase activity,
we prepared nuclear envelopes (NEVs) from dog brain cor-
tices after a 15-minute cardiac arrest followed by up to
6 hours of reperfusion.346 The rate of ATP-dependent
poly(A)� mRNA export from NEVs was examined after
3-H-uridine-labeled poly(A)� mRNA was incorporated in
NEVs during their preparation. The kinetic constants for
ATP hydrolysis by the brain NEVs were not significantly
affected by ischemia and reperfusion. Furthermore, appro-
priate poly(A) stimulation of the rate of ATP hydrolysis
occurred without significant differences between animal
treatment groups. In vitro exposure of the NEVs to hydroxyl
radical completely abolished NTPase activity. Similarly, the
rate of poly(A)� mRNA egress was stimulated by ATP in all
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samples, and the ATP-stimulated egress rates were unaf-
fected by ischemia and reperfusion. Thus, brain ischemia
and reperfusion do not induce direct inhibition of nucleo-
cytoplasmic transport of poly(A)� mRNA, although micro-
molar quantities of hydroxyl radical completely inhibit the
NTPase. Therefore postischemic inhibition of protein syn-
thesis and reduced brain nuclear mRNA egress is not
caused by direct damage to the poly(A)� transport system
of the nuclear membrane. Similarly, we found that the
nucleocytoplasmic translocation system for the poly(A)–

hsp-70 mRNA at the nuclear membrane is intact during
postischemic brain reperfusion.

mRNA following ischemia and reperfusion

Although total RNA synthesis is normal during reperfu-
sion,347 several studies have used gene arrays to show that
there is considerable variation in individual mRNA expres-
sion after both focal348 and global brain ischemia.349

Nonetheless, caution is required in extrapolating changes
in mRNA expression to changes in protein levels. In a
meta-analysis of studies comparing mRNA expression
levels and protein levels for 2044 molecules, Greenbaum et
al. reported a poor correlation (r2
0.43 ).350 In yeast, Gygi
et al. found that that similar mRNA expression levels could
be accompanied by up to 20-fold difference in protein
levels, and in some instances similar protein levels were
accompanied by a 30-fold difference in mRNA levels.351

Given this lack of correlation between mRNA and protein
levels, it is not possible to predict protein expression levels
from quantitative mRNA data. For example, during reper-
fusion, cells of the CA1 sector of the hippocampus express
massively increased amounts of hsp-70 mRNA with little or
no accumulation of HSP-70 protein. Eukaryotic mRNA has
a half-life estimated at several hours and there is no evi-
dence of a generalized increase in mRNA degradation
during ischemia and reperfusion nor in other processes
characterized by disaggregation of polyribosomes. Thus,
taken together the data suggest a dissociation of transcrip-
tion and translation that does not involve either failed
transcription or an acceleration of mRNA degradation. We
will now turn our attention to translation.

Translation

Translation of mRNA into protein requires the presence
of functional ribosomal subunits, translation factors,
aminoacyl-tRNAs, amino acids, an energy supply, and an
appropriate ionic environment. Ischemia and reperfusion
appears to alter significantly some but not all of these
components. For example, ischemia does not alter the

intracellular levels of amino acids.352 Levels of aminoacyl-
tRNAs, required for chain elongation, fall to no less than 64%
of control values during reperfusion, and the energy sup-
plies normalize upon circulatory return. Ribosomes can tol-
erate prolonged periods of ischemia without apparent
functional impairment. Nowak et al. demonstrated stable in
vitro incorporation of amino acids by brain polysomes after
1 hour of decapitation ischemia.337 Marotta et al. reported
that human brain ribosomes obtained 2–6 hours post-
mortem could synthesize proteins in vitro.353 Dienel et al.
found that polysomes isolated from rat brains subjected to
30 minutes of ischemia and 3 hours of reperfusion qualita-
tively produced the same protein patterns, with the addition
of heat shock proteins, on 2D-PAGE gels as polysomes iso-
lated from non-ischemic rat brains.354 Our own work
demonstrated that the rate of in vitro translation by purified
ribosomes was not inhibited after 20 minutes of cardiac
arrest or by 2 or 8 hours of reperfusion,355 a time when
protein synthesis is suppressed both in vivo and by in vitro
translation systems utilizing an unfractionated postmito-
chondrial supernatant. The above evidence argues against
any significant damage to the ribosomes themselves.

Several lines of evidence are consistent with the hypothe-
sis that protein synthesis may be suppressed at initiation
during early reperfusion, thereby deranging the “assembly
line” involved in transport of mRNA. Ribosomal sedimenta-
tion profiles obtained from reperfused brains show a pre-
ponderance of monomeric ribosomal subunits suggesting a
block in the formation of the initiation complex. In the study
by Cooper et al. using an in vitro translation system, the
addition of a chain initiation inhibitor (polyinosinic acid)
decreased protein synthesis 63% in control animals as
expected.333 Polyinosinic acid had no effect on in vitro trans-
lation with the postmitochondrial supernatant obtained
after 15 minutes of reperfusion, however, indicating that
translation initiation was already maximally inhibited.

Formation of the translation initiation complex

The rate limiting step in translation is initiation.356 This
step entails the formation of the initiation complex
(Fig. 13.5) which involves over 140 proteins and requires
the coordinated assembly of the 40S and 60S ribosomal
subunits, the mRNA to be translated, and the charged
amino-acyl tRNA coding for the first amino acid (always
methionine in eukaryotic cells). The process is orches-
trated by a family of proteins collectively known as eukary-
otic initiation factors (eIFs), and several eIFs are altered as
a consequence of brain ischemia and reperfusion.

The initiation complex begins with free 40S ribosomal
subunits; however, under normal physiologic conditions,
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formation of inactive 80S ribosomes is favored. Binding of
eIF6 to the 60S subunit and of eIF3 plus eIF4C to the 40S
subunit act to keep the subunits disassociated. Next, eIF2
joins GTP and the initiator tRNA into a ternary complex
(eIF2/GTP/Met-tRNAi) which binds via eIF3 to the 40S
subunit. The mRNA to be translated binds to eIF4E, which
recognizes the m7G cap at the 5� end of the mRNA. eIF4A,
eIF4E, and eIF4G form a complex which, together with
eIF4B, unwinds the mRNA near the cap structure and
binds it via eIF3 to the 40S subunit. At this point, the com-
bined complexes migrate along the mRNA in the 5� to 3�

direction to locate the AUG start codon. Once the appro-
priate match is made, eIF5 triggers the hydrolysis of the
bound GTP molecule and the release of eIF2/GDP. A con-
formational change occurs such that the 60S subunit joins
the 40S subunit to complete the 80S initiation complex.

Initiation is primarily regulated by modulating the
degree of phosphorylation of the initiation factors required
for the formation of the ternary complex (eIF2) and the
recognition of mRNAs (eIF4E and eIF4G).

Cells determine which mRNAs bind to the ribosome by
modulating phosphorylation of the mRNA cap binding
protein, eIF4E. Cellular mRNAs vary greatly in their
binding efficiency to eIF-4E, and increasing the activity or
availability of the limited amount of eIF4E in cells appears
to favor translation of those mRNAs that compete poorly
for the mRNA-specific initiation factors. eIF4E is found in
the nucleus as well as the cytoplasm and may play a role in
post-transcriptional processing as well as translation initi-
ation. Brain ischemia has been variably reported to induce
transient dephosphorylation of eIF4E that normalizes
rapidly with reperfusion.357,358

eIF4G is phosphorylated at multiple sites, which is
thought to correspond with increased binding of eIF4E
and enhanced protein synthesis. We found that �-calpain
(a calcium-activated protease) is activated during brain
ischemia and proteolyzed eIF4G;359 eIF4G is also a target
of caspase-3, which cleaves it at multiple sites, but leaves

a stable 76-kDa “middle fragment.” In our model, multiple
fragments of eIF4G persist in the forebrain at 90 minutes
of reperfusion following a 10-minute cardiac arrest.357

Martin de la Vega et al. confirmed proteolysis of eIF4G
during ischemia and showed reduced eIF4G levels (� 65%
of control) in the vulnerable CA1 region at 4 hours of
reperfusion.360

Nonetheless, we357 and others334 have found little or no
inhibition of the overall rate of in vitro translation in brain
homogenates after up to 30 minutes of complete global
ischemia without reperfusion despite eIF4G degrada-
tion during ischemia. The surprisingly limited effect of
eIF4G degradation on in vitro protein synthesis by brain
homogenates obtained after ischemia without reperfusion
suggests that either the residual amount of eIF4G is ade-
quate to support translation initiation or that proteolytic
fragments of eIF4G may be active in supporting initiation
of translation. In either case, the proteolytic degradation of
eIF4G may have major implications for message selec-
tion.361 Fragmented eIF4G causes failure of the docking of
eIF4E-bound m7G-capped mRNAs to the small ribosomal
subunit during initiation of translation and favors transla-
tion of messages that contain “Internal ribosome entry
sites” (IRES).

Cells downregulate the overall rate of global protein
synthesis primarily by decreasing the initiation rate via
phosphorylating serine 51 on the � subunit of eIF2.
Phosphorylated eIF2� [eIF2� (P)] is a competitive inhibitor
of eIF2B, the factor that exchanges GTP for GDP once the
eIF2/GDP complex is released after the start codon has
been located. Because the ratio of eIF2 to eIF2B is approxi-
mately 5:1 in the brain, initiation translation will be nearly
completely inhibited when �20% of eIF2 contains a phos-
phorylated �-subunit.

Postischemic brain reperfusion induces a very rapid and
large increase in eIF2� (P)362 that is seen in highly vulnera-
ble as well as less vulnerable neurons throughout the entire
brain. After 10 minutes of reperfusion following a 10-
minute cardiac arrest, phosphorylated eIF2� in brain
homogenates has increased �20-fold and represents
�23% of the total eIF2�. This extent of eIF2� phosphoryla-
tion will inhibit almost all protein synthesis. This level of
eIF2� (P) remains relatively stable throughout the first 4
hours reperfusion. We used immunohistology to study the
regional and cellular distribution of eIF2� (P) in normal,
ischemic, and reperfused rat brains.362 The small amount
of eIF2� (P) in normal brains is predominantly localized to
astrocytes, which lose their eIF2� (P) during ischemia, pre-
sumably due to unopposed action of phosphatases. In the
early minutes of reperfusion, heavy eIF2� (P) immunos-
taining appears in the cytosol of neurons, and is most
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pronounced in the vulnerable neurons in cortical layers 3
and 5 and in the hilus and CA1 of the hippocampus; eIF2�

(P) also appears in ischemia-resistant neurons of the
dentate gyrus during early reperfusion. By 1 hour of reper-
fusion eIF2� (P) is largely undetected in ischemia-resistant
neurons but remains prominent in vulnerable neurons,
which also now display intense nuclear eIF2� (P) staining.
By 4 hours of reperfusion, the pattern of nuclear eIF2� (P)
immunostaining in vulnerable neurons suggests nuclear
condensation consistent with the early stages of apoptosis.
In addition, although eIF2� (P) is initially localized exclu-
sively in neuronal cytoplasm, we found that by 1 hour of
reperfusion, there is a substantial amount of eIF2� (P) only
in the nuclei of vulnerable neurons; phosphorylated eIF2�

was never found within the nuclei of neurons in the
ischemia-resistant areas of the brain. These observations
raise questions whether eIF2� is phosphorylated in the
cytoplasm and migrates to the nucleus or is also phos-
phorylated in the nucleus itself. This could reflect a con-
formational change in eIF2� (P) that exposes the RRRIR
nuclear localization signal adjacent to the Ser-51 phospho-
rylation site, and suggests the possibility that the nuclear
localization of eIF2� (P) in vulnerable neurons by 1-hour
reperfusion has important consequences for transcription.

Insulin and insulin-like growth factors administered
during post-ischemic brain reperfusion substantially
reduce both neuronal death and the final extent of neuro-
logic disability independent of any hypoglycemia.363

Insulin has several effects on the translation initiation
system that, in general, increase protein synthesis; in par-
ticular, insulin rapidly decreases eIF2� phosphorylation,
increases eIF2B activity and the association of eIF4E with
eIF4G. We investigated the effect of insulin on protein syn-
thesis during reperfusion utilizing immunostaining for
eIF2� (P) and autoradiography of in situ35 S amino acid
incorporation.364 After resuscitation from 10 minutes of
cardiac arrest, rats were given 0, 2, 10 or 20 U/kg of intra-
venous insulin and reperfused for 90 minutes. Controls
had abundant protein synthesis and no eIF2� (P) in
neurons of the hippocampal CA1 and hilus. Untreated
reperfused brains had intense staining for eIF2� (P) and
little protein synthesis in these neurons, and animals
receiving 2 or 10 U/kg of insulin, however, demonstrated
little improvement. All animals treated with 20U/kg of
insulin, however, had complete clearing of eIF2� (P) and
extensive label incorporation in vulnerable neurons.
Interestingly, insulin did not block phosphorylation of
eIF2� of the neurons after a 5-minute reperfusion. This is a
direct demonstration that it is possible to reverse the phos-
phorylation of eIF2� (P) and the loss of protein synthesis in
vulnerable neurons during early reperfusion.

Role of eIF2� (P) in message selection

The modifications to eIF2� induced by brain ischemia/
reperfusion last for at least several hours and affect not
only the rate of protein synthesis, but also the repertoire of
peptides actually synthesized from the available mRNAs.
High levels of eIF2� (P) cause a generalized decrease in
global rate of translation, whereas lower levels of eIF2� (P)
play a role in message selection. Because eIF2� (P) com-
petitively inhibits the reaction needed to recycle eIF2,
translation does not completely cease, and there is always
some capacity for residual translation. There are at least
two alternative translation initiation pathways, bypass
scanning and IRES-mediated initiation, that exist and
either of these can have profound influences on message
selection.

Bypass scanning is a form of residual translation that
occurs when the 5’ untranslated region of an mRNA con-
tains upstream open reading frames (uORF).365 In situa-
tions where there are high levels of eIF2 � (P), there is
inefficient delivery of the initial methionine tRNA to the
ribosome. Thus the ORF that is translated under normal
conditions may be bypassed because of the lack of an ini-
tiator tRNA at the time when the scanning ribosome
reaches the start codon. If an initiator tRNA becomes avail-
able at a later point as the ribosome scans the remainder of
the mRNA, translation can be initiated on a downstream,
normally untranslated, ORF. Upstream open reading
frames are important control elements of growth and dif-
ferentiation of cells. Although less than 10% of vertebrate
mRNAs contain an uORF, about two thirds of mRNAs
encoding vertebrate growth-regulatory proteins have
uORFs. This paradoxical eIF2� (P)-induced enhancement
of translation has been shown to occur for the pro-
apoptotic proteins CHOP and ATF4, and may contribute to
directing reperfused neurons down a cell death pathway.

Initiation of translation from the vast majority of cellular
mRNAs occurs via scanning; the 40 S ribosomal subunit
binds to the m7G-cap and then moves along the mRNA
until an initiation codon is encountered. Nevertheless, the
5� untranslated region of some mRNAs contain regions,
called internal ribosomal entry sites (IRES), and cellular
stress can stimulate translation from some cellular IRESs
via a mechanism that requires the phosphorylation of
eIF2�.366 It is thought that some mammalian mRNAs use
IRES-mediated translation to provide cells with proteins
essential for survival when the nutrient supply is limited.367

Although cellular stress can stimulate translation from
some cellular IRESs via a mechanism that requires the
phosphorylation of eIF2�, there are distinct regulatory pat-
terns for different cellular mRNAs that contain IRESs
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within their 5�-untranslated regions. Thus it will be crucial
to determine if, for example, APAF-1 (Apoptosis-Activating
Factor-1), which is produced only by an IRES-mediated
mechanism and serves to maintain sufficient levels of
APAF-1 even when cap-dependent translation initiation
mechanisms are compromised, is being synthesized after
brain ischemia/reperfusion.

The combination of bypass scanning and IRES-mediated
translation initiation means it is not possible to predict
precisely which peptides are being made from examining
changes in mRNA in the reperfused brain. An elevation
in capped mRNAs does not mean that they will get trans-
lated under conditions of IRES-mediated translation initia-
tion. Furthermore, even in the subset of IRES-containing
mRNAs, it will be impossible to determine which ORF is
being used from study of the available mRNAs by bypass
scanning.

Mechanisms to hyperphosphorylate eIF2a following
transient global brain ischemia

Protein synthesis is downregulated by phosphorylating
eIF2� in response to a wide variety of cellular stresses,
including transient brain ischemia.362 It appears that spe-
cific eIF2� kinases have evolved that directly sense specific
cellular stresses and respond by regulating translation.
There are four known eIF2� kinases, GCN2, HRI, PKR, and
PERK that, either individually or in combination, could
mediate eIF2� phosphorylation in the reperfused brain.
Because many of the stimuli that signal for inhibition of
protein synthesis occur as a consequence of transient
brain ischemia, it remained to be determined which eIF2�

kinase(s) was activated under these stresses; in one in vitro
system, at least three of the eIF2� kinases were activated
simultaneously in response to a single chemical insult.

Although all four kinases share homology in the kinase
catalytic domain, their regulatory mechanisms are quite
different. GCN2 (general control non-derepressible-2),
which is expressed in mammalian brain, is activated in
response to amino acid starvation in mammalian cells.
During ischemia, lowered ATP levels in neurons make it
possible that uncharged tRNAs accumulate thereby acti-
vating GCN2. However, Munoz et al. were unable to
demonstrate GCN2 activity in PC12 neurons following in
vitro ischemia.368 HRI (heme-regulated inhibitor) coordi-
nates globin synthesis with heme availability in erythroid
cells, but it can be activated by transition metals and reac-
tive oxygen species both of which are characteristic of
post-ischemic brain reperfusion. Little, if any, HRI is
present in brain, however.369 PKR (double-stranded RNA-
activated protein kinase) can be activated in neuronal cell

culture by calcium overload induced by the calcium
ionophore A23187. In addition, PKR can be activated upon
its cleavage in vitro by recombinant caspase-3, caspase-7,
and caspase-8. Calcium overload and caspase activation
are well-known events in reperfused brain, and Burda et al.
have suggested that PKR was responsible for increased
eIF2� (P) during reperfusion.358 Although PKR can be acti-
vated by calcium overload, it is not required for increased
eIF2� phosphorylation or inhibition of protein synthesis in
response to amino acid deprivation or endoplasmic reticu-
lum stress. PERK (also known as PEK) is an endoplasmic
reticulum transmembrane protein that couples protein
folding in the endoplasmic reticulum to translation initia-
tion rates in the cytoplasm.370 Hypoxia can induce PERK
activation and subsequent phosphorylation of eIF2 in
fibroblasts.371 Previously, we have shown that PERK is
present in the brain and is activated early in reperfusion
following transient ischemia.372

The development of knockout mice has allowed us to
address the question of which kinase is responsible for
the dramatic increase in eIF2� (P) during reperfusion.
Previously, we have shown that mice with homozygous
functional knockouts for the gene encoding either GCN2,
HRI, or PKR had large increases in brain eIF2� (P) following
ischemia and reperfusion similar to wild type mice;372,373

this argues against one of these kinases being solely respon-
sible. Nevertheless, in a transgenic mouse line with targeted
disruption of the Perk gene, we found that phosphorylated
eIF2� is absent in the non-ischemic mice.374 This implies
that PERK is the kinase chiefly responsible for modulating
the basal level of eIF2� (P). More important, there was only
a minimal change in phosphorylated eIF2� levels and there
was a substantial rescue of protein translation in the reper-
fused transgenic mice compared to the wild type. Together,
these data demonstrate that PERK is responsible for the
large increase in phosphorylated eIF2� early in reperfusion
that suppresses protein synthesis following transient global
brain ischemia.

It is possible that increased phosphorylation of eIF2�

could also result from a loss of an eIF2� (P) phosphatase
activity, but we found no reduction in eIF2� (P) phos-
phatase activity in reperfused brain homogenates.373

An alternative mechanism was suggested by a series of
studies by Gupta and colleagues which identified a 67-kDa
glycoprotein (p67) that binds to the �-subunit of eIF2 and
protects its �-subunit from phosphorylation.375 Depletion
of p67, either by preincubation of brain homogenates with
antibody against p67 or by antisense-mediated reduction
of p67 in KRC-7 cells results in greatly increased eIF2�

phosphorylation. In p67-depleted KRC-7 cells, eIF2� (P)
approached 100% of eIF2� and was associated with a
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three-fold reduction in protein synthesis, and induction of
apoptosis. The binding of p67 to eIF2 is regulated by glyco-
sylation of p67; when deglycosylated, p67 is unable to
prevent phosphorylation of eIF2�.

Because glycosylated p67 is present in rat brain, these
findings suggested at least two testable hypotheses might
explain the large and prolonged increase in eIF2� (P) in
vulnerable neurons during reperfusion. First, activation of
the p67 deglycosylase and subsequent deglycosylation of
brain p67 might occur during ischemia and/or early reper-
fusion and be more extensive in vulnerable neurons.
Second, the vulnerable neurons, such as those in the CA1,
could normally express smaller amounts of p67 than more
resistant neurons, such as those in the CA2. We found no
reperfusion-induced loss of total or glycosylated p67 by
Western blots or by immunohistochemical staining in vul-
nerable neurons, however.376 Thus the mechanism by
which eIF2� is phosphorylated during reperfusion is due
solely to the activation of PERK.

Role of PERK in the UPR

PERK is activated only by the ER stress signaling system
termed the unfolded protein response (UPR).377 Thus, inhi-
bition of protein synthesis following brain reperfusion is
likely to be part of a more comprehensive cellular response
that contributes to the ultimate fate of reperfused neurons.

The UPR is activated to overcome ER stress by tem-
porarily slowing accumulation of new proteins in the ER
lumen, while simultaneously upregulating transcription of
genes for ER-resident chaperones and enzymes that abate
the effects of ER stress.377 In higher eukaryotes, prolonged
activation of the UPR can also activate pro-apoptotic
mechanisms. PERK contributes to a pro-survival response
by attenuating accumulation of new protein in the ER
through phosphorylation of eIF2� leading to a generalized
decrease of protein synthesis. Several studies have pre-
sented evidence of ER dysfunction following ischemia
and reperfusion.372,378 Thus, we have hypothesized that
regional differences in expression of the UPR in brain may
contribute to selective vulnerability following ischemia
and reperfusion.379

The primary effectors of the UPR in mammalian brain
are three ER-transmembrane proteins: PERK, IRE1�, and
ATF6, and it is thought that activation of all three is
required for a full response to ER stress.379 In transient focal
cerebral ischemia, Paschen et al. found a marked increase
in processed xbp1 mRNA levels during reperfusion, indi-
cating activation of IRE1�, that was most pronounced after
a 1-hour occlusion of the right middle cerebral artery.380

The rise in processed xbp1 mRNA was not paralleled by a

similar increase in its cognate protein levels, however,
because transient ischemia induces severe suppression of
translation. In contrast, our data indicates that there is dys-
function in the UPR during global brain ischemia and
reperfusion.381 In rats subjected to 10 minutes of global
brain ischemia, PERK was maximally activated at 10
minutes of reperfusion, which correlated with maximal
eIF2� phosphorylation and protein synthesis inhibition.
Neither ATF6 nor IRE1� show evidence of activation,
however. IRE1�’s substrate, xbp1 mRNA, had not been
processed nor was there expression of the UPR effector
proteins XBP1 (55-kDa), CHOP or ATF4. In other systems,
failure to mount the UPR results in increased cell death.

Translation in late reperfusion

Finally, during the later reperfusion period, other mech-
anisms may be responsible for continued inhibition of
translation. Apoptosis can inhibit protein synthesis via
the caspase-dependent cleavage of initiation factors
eIF4G, eIF4B, eIF2� and the p35 subunit of eIF3.382,383

Substantial shifts in potassium, magnesium, and calcium
occur that could affect translation. Ribosome activity is
very sensitive to concentrations of potassium and mag-
nesium, both of which are important for assembly of
the ribosomal subunits. Decreased Mg2� concentrations
result in disaggregation of polysomes, increased missense
errors, and decreased protein elongation. Normal pH and
tissue concentrations of Na�, K� and Ca2� are recovered
early in reperfusion. However, a secondary loss of ionic
homeostasis is seen by 8 hours of reperfusion following a
15-minute cardiac arrest in dogs with concomitant loss of
30% of the lipid double bond content and ultrastructural
evidence of large gaps in the neuron plasmalemma.324

Finally Liu et al. have shown evidence of irreversible
aggregation of translational components after prolonged
ischemic times.384

Thus, the evidence we have reviewed suggests that
postischemic suppression of protein synthesis in the brain
has different etiologies depending on the time examined.
During ischemia, suppression of protein synthesis is due to
the lack of high energy phosphates needed to support the
energy-requiring synthetic process. Although the high
energy phosphate level quickly returns to normal during
early reperfusion, there is inhibition of formation of the
translation initiation complex secondary to the phospho-
rylation of eIF2� by PERK. Nuclear retention of newly
synthesized mRNA probably reflects a “backup” of mRNA
traffic. Later in the reperfusion period, lipid peroxidation
eventually destroys the integrity of the plasmalemma for
ionic partitioning, and after this time protein synthesis will
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be halted because the cell can no longer maintain the re-
quisite ionic milieu.

Surprisingly, it is not clear that restoring protein synthe-
sis in the reperfused brain is beneficial. There is contradic-
tory evidence from studies with mutant variations of eIF2�

and PERK as to whether activation of PERK, phosphoryla-
tion of eIF2�, and inhibition of translation are protect-
ive,385 pro-apoptotic,386 or neutral.387 While the conflicting
conclusions in the above studies could be ascribed to dif-
ferent insults administered to different cell lines, we theo-
rize that there may be some time points following an insult
where translation is protective, while at other times it may
induce death. During early reperfusion, eIF2�(P)-medi-
ated inhibition of translation may well be a protective
response to cope with ischemia-induced ER stress. It is
clear, however, that at some stage protein synthesis must
be restored to ensure survival.388 The contribution of
postischemic inhibition of cerebral protein synthesis inhi-
bition to neuronal death is a crucial issue that has yet to be
resolved.389,390,391

Mitochondria: membrane potential, cytochrome

As previously stated, since the contribution of apoptosis to
postischemic neuronal death appears to have enormous
therapeutic relevance, the following reflections will focus
on apoptosis. Two apoptotic pathways have been identi-
fied: the extrinsic, death receptor protein-mediated
pathway, and the intrinsic, mitochondria-mediated,
pathway.392 In neuronal ischemia both pathways may
be activated. Apoptosis is an energy-dependent, pro-
grammed form of cell death.41,45 Mitochondria have long
been considered as subcellular targets of ischemia.
Disturbed mitochondrial function appears to be a key
player in the pathogenesis of post ischemic neurodegen-
eration and a critical factor in the cellular “life-or-death”
decision.393–396 Mitochondrial dysfunction is a trigger for
development of necrotic as well as apoptotic neuronal
death.397 In general, relatively mild mitochondrial injury
results primarily in apoptotic cell death, whereas more
extensive injury leads more toward necrosis. Thereby,
alterations in mitochondrial oxidative phosphorylation,
Ca2� transport, free radical generation, and release of
apoptotic factors394,398,399 are major events in the damag-
ing process. Two of the earliest events that can tip the
balance toward neurodegeneration following transient
ischemia are the accumulation of Ca2� and generation of
ROS by mitochondria. It is generally accepted that the
mitochondrial membrane potential (�m) is an important
factor in the maintenance of mitochondrial homeostasis:

both the influx of Ca2� and production of ROS are attenu-
ated following a decrease in �m.394,395,399 Under normal
conditions, more than 90% of the available cellular oxygen
is consumed by the mitochondria during oxidative phos-
phorylation.400,401 Which is driven by the electron donors
NADH and FADH . These electron carriers enter the mito-
chondrial electron transport chain via complex I (NADH)
and complex II (FADH). Electrons are transferred to
oxygen via cytochrome c oxidase and other components
of the electron transport chain.

Cytochrome oxidase, located in the inner mitochondrial
membrane, is composed of 13 subunits. To function pro-
perly this complex requires intact catalytic, regulatory and
structural subunits as well as maintenance of the inner
mitochondrial membrane environment.402

Cytochrome c is a vital component of the mitochondrial
electron transport chain. It is a water-soluble protein
whose primary function is to transport electrons between
coenzyme Q and cytochrome c oxidase. Cytochrome c
resides in the mitochondrial interspace where it interacts
with the redox partners of complexes III and IV. The entire
process generates an electrochemical proton gradient
across the mitochondrial membrane driving ATP synthesis
by complex V.403 Electron transport along the electron
transport chain and ATP synthesis are closely related, in
this case respiration is functionally “coupled.”

The disturbance of energy dependent processes during
early ROSC is thought to have a major influence on the
development of temporary and permanent neurological
deficits. As previously noted, ischemia results in rapid loss
of high-energy phosphate stores. The amount of available
ATP becomes insufficient to sustain normal function of
active transport systems and to maintain proper ionic
gradients.404–406 Inadequate oxygen supply but also insuffi-
cient amounts of available electrons (donated from NADH
or FADH) influence the cellular redox state and lead to mito-
chondrial damage.403,407 The ability to produce ATP via
oxidative phosphorylation is impaired in the integrated cel-
lular substrate pathway (NADH, complex I).408,46 Initially,
brief periods of ischemia damage complex I in the proximal
electron transport chain followed by damage to complex
III.402 Disturbances of the electron transport chain may
cause a reduced cellular redox state even under normal
oxygen concentrations.408–410 Electron transport and ATP
synthesis become “decoupled.” Decoupled mitochondria
reduce cell viability,411 may result in further disturbances
of electron transport,46,412,413 produce reactive oxygen and
nitrogen species,414,415 and can lead to free radical damage.46

Initially these changes are reversible, but the release of
cytochrome c and the opening of the mitochondrial perme-
ability transition pore pave the way to irreversible damages
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and finally to cell death. Opening of the mitochondrial
permeability transition pores causes depolarization of the
mitochondrial membrane potential (�m) and transforms
mitochondria from ATP producers to ATP consumers by
reversing ATP synthesis in an attempt to maintain �m.416

In addition, prolonged membrane dysfunction can lead to
excessive water influx, matrix swelling and outer mitochon-
drial membrane rupture. The release of proapoptotic mole-
cules, including cytochrome c and Apaf-1, triggers cell death
via caspase-dependent as well as caspase-independent
mechanisms.416 Therefore, increased mitochondrial perme-
ability and reduction of �m are key factors in triggering
apoptosis in a variety of cell types.417

Mitochondria under normal conditions generate small
amounts of cytotoxic reactive oxygen species (ROS), like
hydroxyl radicals (•OH), superoxide anions (O2

•–), hydrogen
peroxide (H2O2), nitric oxide (NO), peroxynitrite (ONOO–)
and other radical substances.402,418 ROS production is essen-
tially a toxic by-product mainly generated by complex III of
the mitochondrial electron transport chain. As reactive
oxygen species may damage cellular components, cells have
developed various strategies to dissipate free radicals and
remove their oxidation products.40 Superoxide dismutase
(SOD), glutathione peroxidase (GSHPx), and catalase con-
stantly scavenge physiological amounts of free radicals.419

SOD specifically processes O2
�– into H2O2. Catalase and

GSHPx deactivate H2O2 into H2O and O2, which is especially
important as hydroxyl radicals may be generated from H2O2

through the Fenton reaction.400 Unfortunately, during
oxidative stress, cytochrome c oxidase generates greater
amounts of ROS.400 Under these conditions, up to 2% of the
consumed oxygen can be converted to free radicals.397 The
degree of ROS production depends on the type of the cell,
the available substrate and the polarization of the mito-
chondrial membrane. The resulting overload of free radicals
may cause cerebral damage during ischemia as well as
reperfusion.418,419,420 Permeabilization of the mitochondrial
membrane caused by these reactive oxygen species is one of
the basic underlying mechanisms of active cell death.421

Mitochondrial membrane permeabilization can lead to an
increased translocation of Bax from cytosol to the mito-
chondria,422,423 and a release of cytochrome c and apoptosis
inducing factor (AIF). Translocation of mitochondrial
cytochrome c to the cytoplasm has been reported to be a key
step in the initiation and/or amplification of the intrinsic
pathway of apoptosis.392,424,425 Release of cytochrome c into
the cytosol leads to the formation of a complex comprising
apoptotic-protease-activating factor-1 (Apaf-1), procas-
pase-9, and ATP. This complex ultimately cleaves and acti-
vates pro-caspase-9, activating the intrinsic pathway for the
induction of apoptosis.426–429 Additionally, cerebral ischemia

causes and activates the neuronal form of nitric oxide syn-
thase (nNOS) and triggers the expression of the inducible
iNOS in glia cells, both of which result in the production of
an excessive amount of nitric oxide (NO).430 Nitric oxide is a
diffusable free radical that may prevent or promote cell
death depending on cell type and NO concentration. NO
interacts directly and indirectly with mitochondria. Binding
of NO to cytochrome c oxidase causes respiratory inhibi-
tion.431 As a result, NO may trigger apoptosis by one of the
following mechanisms: decreased mitochondrial mem-
brane potential, release of cytochrome c from mitochon-
dria, direct activation of several caspases, degradation of
caspase-activated DNAse inhibitors, and activation of
caspase-activated DNAse.430 Several homozygous e/i/nNOS
knockout mice mutants have been developed to investigate
the role of NO in intra- and postischemic pathophysiol-
ogy.418 By using these knockout models, a substantial reduc-
tion in lesion size after focal ischemia was noted in nNOS
knockouts432–434 as well as the influence on the blood flow-
dependent development of cerebral lesions noted in eNOS
knockouts.435 Other studies indicate that NO produced by
iNOS in non-neuronal cells may contribute to cerebral
ischemic damage.436

Cell signaling: Bcl-2, .. caspases

Release of cytochrome c, apoptotic protease activating
factor 1 (Apaf-1), and caspase-9 from mitochondria are
central mechanisms for triggering the caspase cascade
and therefore for inducing apoptosis. Cysteine-requiring
aspartate directed proteases (caspases or cell death pro-
teases) and Bcl-2 family proteins represent core compo-
nents of the apoptotic process.45 Recently, it has been
suggested that “caspase-mediated-cell death” might be
a more accurate description than “apoptosis” for the
ischemia triggered programmed cell death.45 Fourteen dis-
tinct caspases have been identified thus far, although two
of them (caspase-11 and caspase-12) have no identified
human counterparts.45 Under normal conditions caspases
are expressed as zymogens composed of an N-terminal
prodomain, a large subunit and a small subunit, which
undergo proteolytic processes upon apoptotic stimuli.437

The subunits within some or the procaspases are sepa-
rated by small linker peptides. Activation results from
proteolytic cleavage of the procaspase into its three com-
ponent parts, usually by other activated caspases.438

Caspases can be subdivided into two broad groups: those
of the interleukin-1 converting enzyme family (caspases-1,
-4, -5, -11, -12, and -14) that are involved in the maturation
of cytokines and the induction of inflammation and those
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caspases directly involved in apoptosis (caspase-2, -3, -6,
-7, -8, -9, and -10).439,440 By using functional aspects,
the latter caspase proteins can be classified into upstream
“initiators” (caspase-2, -8, -9, and -10) that act as signal
transducers and downstream “effectors” (caspase-3, -6,
and -7).442 The initiator caspases have long prodomains
that interact with the death domains of other transmem-
brane and intracellular proteins involved in initiating
apoptosis and thus translate a range of pro-apoptotic
stimuli into proteolytic activity. In contrast, the effector
caspases have short prodomains and are directly respon-
sible for the cleavage of cellular substrates that are in turn
responsible for most of the morphological and biochemi-
cal features of apoptosis.45,441 There are two main pathways
of caspase activation: death receptor-mediated and
mitochondria mediated. The extrinsic pathway is triggered
by Fas and TNF-1 and leads via the formation of a “death-
inducing signaling complex” to the activation of the

initiator caspases-8 and -10.391,441 Binding of death recep-
tors by their cognate ligands causes trimerization of the
receptors and interaction between cytoplasmic death
domains in these receptors and intracellular adapter pro-
teins.439 The mitochondrial pathway of caspase activation
can be initiated by several proteins. Central to this pathway
are proteins in the Bcl-2 family. The Bcl-2 family proteins
are central modulators of intracellular apoptotic processes
by regulating the cytochrome c-dependent pathways of
caspase activation. Bcl-2 family proteins are either
members of the anti-apoptotic (Bcl-2, Bcl-XL, Bcl-w) or the
pro-apoptotic (Bax, Bak, Bad, Bid) faction.441 Post-transla-
tional modification can change anti-apoptotic members to
pro-apoptotic forms.442 The degree of formation of homo-
and heterodimers of these proteins coincides with either
cell death or survival. Unfavorable alterations in the ratio
of anti- and pro-apoptotic caspases accelerate pro-
grammed cell death.443 Anti-apoptotic members of the Bcl-
2 family, including Bcl-2 and Bcl-XL, are associated with the
mitochondrial outer membrane and can inhibit the release
of cytochrome c.444 In contrast the pro-apoptotic protein
Bax promotes apoptosis by forming oligomers onto the
mitochondrial outer membrane and creating a channel for
the release of cytochrome c and other apoptotic sub-
stances.417 Another pro-apoptotic protein Bad binds to
Bcl-2 and Bcl-XL and inhibits their anti-apoptotic func-
tions.444 Some of the Bcl-2 family proteins are regulated
directly by caspases. Therefore the caspase-mediated
effects on Bcl-2 family proteins provide a link between the
death receptor and mitochondrial pathways for apoptosis.

It was suggested that, after dephosphorylation, inter-
actions of Bad with Bcl-2 and Bcl-XL on mitochondria
may initiate the opening of mitochondrial permeability
transition pores and the consequent release of cytochrome
c.444 Cytochrome c together with Apaf-1 and dATP can
activate the initiator caspase-9 by activating pro-caspase-
9446.392 Cytochrome c, Apaf-1, and caspase-9 are respon-
sible for the formation of the apoptosome. The
apoptosome cleaves and activates procaspase-3 the key
effector of caspase-mediated cell death. The critical nature
of caspase-3 activation to apoptosis is demonstrated nicely
by the decreased neuronal damage in caspase-3 knock-
out mice.437,445 Following these two steps of apoptotic
activation other caspases such as caspase-2, -6, and -7 are
activated. Activation of the caspase cascade results in cell
death through disassembly of the nuclear envelope, degra-
dation of DNA repair enzymes, inactivation of the inhibitor
of caspase-activated DNase (ICAD), and the release of
caspase-activated DNase (CAD) leading to the apoptotic
fragmentation of nuclear DNA.44,446 The mechanisms of
apoptosis is summarized in Fig. 13.6
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Competence of neurons for antioxidant defense
and repair of membrane damage

Regulatory control of the cell cycle may affect the capacity
for endogenous defense and repair and may be critical
in surviving ischemia and reperfusion. Terminally differ-
entiated, therefore non-replicating cells, such as those in
the glomeruli, the myocardium, and the central nervous
system, are quite sensitive to damage by ischemia and
reperfusion. Traditionally, it was postulated that non-
replicating cells without stem cell support were irre-
placeable. Nevertheless, there are data suggesting that
non-replicating status is associated with chronic
downregulation of (1) the transcription promoter binding
complex called activator-protein-1 (AP-1), known to act at
promoter regions of a family of antioxidant enzymes, and
(2) lipid synthesis that would be important for efficient
membrane repair.

Cell replication status and membrane synthesis

The theory that DNA replication and membrane synthesis
were linked would be easily explained since both are
required for cell replication. This idea is supported by evi-
dence from both prokaryotic and eukaryotic systems,
including cultured human cell lines. In prokaryotes experi-
mental manipulations that specifically inhibit lipid
synthesis block DNA replication,447 and blocked DNA
replication is associated with down-regulation of phos-
pholipid synthesis.448 Fewer studies have addressed such
questions in eukaryotic cells; however, in a human
promyelocytic cell line, sterol and phospholipid synthesis
are markedly decreased following induction of myeloid
differentiation. Although lipid synthesis before and after
neuronal differentiation has not been studied in detail, it is
known that there is a 90% decrease in cholesterol synthesis
in neurons after completion of differentiation in fetal rats.
There is also important evidence that the degree of differ-
entiation is directly related to susceptibility to radical
oxidant-induced death in many cell culture lines.449 Tumor
cells, in which replication machinery is fully switched on,
are not easily killed by lipid peroxidation.450 It appears that
terminal differentiation is associated with a substantial
reduction in the capacity for lipid neogenesis and mem-
brane synthesis.

This theoretical approach predicts that terminal differ-
entiation of neuroblasts to neurons should be associated
with a significant increase in susceptibility to cell death
induced by membrane damaging mechanisms such as
free radical induced lipid peroxidation. We have observed
substantial enhancement of radical-induced death in

neuroblastoma B104 (NB104) cells after neuronal dif-
ferentiation,451 induced by dibutyryl cyclic AMP and
theophylline. Electron microspic examination of the dif-
ferentiated cells after radical damage confirms signifi-
cantly increased ultrastructural injury. Of note, the altered
Golgi morphology was nearly identical to that observed in
vulnerable neurons of reperfused brains.452

Fundamental cellular regulatory systems in neuronal
ischemia and reperfusion

Cell growth, proliferation, and differentiation are regu-
lated, in part, by growth factors.453 The brain has receptors
for several growth factors, including insulin,454,455 fibro-
blast growth factor (FGF),456 and nerve growth factor
(NGF),457 all of which have been found in the selectively
vulnerable hippocampal and cerebral cortical neurons.
Similarly, transforming growth factor beta (TGF-),458

insulin-like growth factor-1 (IGF-1),459 and epidermal
growth factor (EGF)460 have been found in the brain and
elsewhere in the central nervous system. Receptor proteins
for all these growth factors characteristically include a
ligand-activated tyrosine kinase at the inner surface of the
plasmalemma.

The mechanisms by which these growth factors influ-
ence cellular growth and differentiation are not com-
pletely understood, particularly with respect to control
of synthesis of membrane components. The general con-
sensus, however, is that the effects are mediated through
receptor kinase-induced “phosphorylation cascades”
leading to transcription of the immediate-early genes,461

which include the proto-oncogenes c-fos and c-jun.
Proteins of the cFOS family form heterodimers with pro-
teins of the cJUN family to constitute the AP-1 complex
that binds with high affinity and specificity to DNA tran-
scription factor binding sequences upstream of target
genes.462

Brain ischemia and reperfusion elicit the production of
both growth factors and proto-oncogene products in at
least some neuronal populations. Examples of growth
factor responses following ischemia are an increase in basic
FGF in the rat hippocampus, caudate, putamen, and
cortex;463 increased production of mRNAs for brain-derived
neurotrophic factor and NGF in rat dentate gyrus and in the
rat hippocampus CA1 and CA2 regions;464 and increased
levels of IGF-1 in the lateral cortex, hippocampus, striatum,
thalamus, and pyriform cortex.465

With regard to proto-oncogene products, c-fos and c-jun
transcripts are elevated in brain homogenates within 30
minutes of postischemic reperfusion both in rats466 and
gerbils.467 In situ cytochemistry has shown, however, that
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within 1 hour after cortical ischemia, the cFOS protein
found in rat cerebral cortex is higher in layers II and VI than
in the selectively vulnerable layers III-V.468 Delayed c-fos
transcription469 and translation470 were also observed in
the selectively vulnerable CA1 layer of the rat hippocam-
pus, with transcripts appearing at 24 hours reaching peak
at 72 hours of reperfusion. Examination of various cell
types during early reperfusion showed that c-fos mRNA is
transcribed in large amounts in the damage-resistant
dentate granule cells, whereas only modest expression was
found in CA1 and CA3 pyramidal layers of the hippocam-
pus.471 Wessel et al, using in situ hybridization, studied
c-fos and c-jun transcripts in the rat brain following 20
minutes of transient ischemia.472 There was strong expres-
sion of both genes within 30 minutes of reperfusion in the
dentate gyrus; however, expression in the CA1 region of the
hippocampus was delayed 1–2 hours and showed a bipha-
sic response. The initial moderate peak had returned to
baseline by 6 hours, followed by a weaker response at
24 hours of reperfusion.

There are important links between induction of c-fos
and the translation of important stress proteins.473 Heat
shock proteins (HSPs),477 can be induced by a wide variety
of insults and are highly conserved from prokaryotes
to humans. HSPs appear to facilitate correct folding of
proteins474 and rRNA,475 dissociate clathrin baskets in the
presence of ATP (which is a presumed requirement for
cell membrane recycling),476 interact with cellular tumor
suppressor p53,476 have a calmodulin binding site,478 are
proposed to be involved in membrane synthesis479 appear
to protect cultured neurons from glutamate toxicity,480

and are induced by insulin in a human tumor cell line.481

Heat shock messages482 and proteins483 are expressed in
the brain during reperfusion. After an ischemic insult,
the selectively vulnerable neurons in the hippocampus
and cortex transcribe large quantities of hsp-70 mRNA,
but translation of hsp-70 is considerably decreased
when compared to surviving areas of the hippocampus
(i.e., the dentate gyrus).482 The c-fos/c-jun/hsp system
is directly activated by ionizing radiation,484 presumably
by hydroxyl radical-mediated events. Also, there is evi-
dence that the HSP response is induced in the presence
of free radicals,485 but not by increased intracellular
calcium alone.486 Clearly, an interesting case can be made
that the heat shock response is primarily a free radical
defense.487 The selectively vulnerable brain neurons that
display delayed expression of c-fos correspond to those
with poor translation of hsp-70 transcripts. These results
suggest the important association of early transcription
and translation of c-fos, c-jun, and hsp-70 with neuronal
survival.

The activator protein library: defense against neuronal
damage

The evidence for brain reperfusion-induced transcription
of fos and jun led us to conduct a comprehensive literature
search for proteins known to have in their genes’ promot-
ers or enhancers sequences responsive to transcriptional
regulation by the AP-1 heterodimer.

General observations
On its DNA promoter sequence, the AP-1 complex binds
the protein that recognizes the “TATA box” and thus facili-
tates initiation of transcription.488 AP-1 DNA binding is
modulated by a few known mechanisms, which include
regulatory phosphorylation and antagonism by the gluco-
corticoid receptor. Inhibitory protein-1 (IP-1) inhibits AP-1
binding to DNA, and this inhibition is blocked when IP-1
is phosphorylated by protein kinase C (PKC).489 Protein
phosphatase A2 (a serine-threonine phosphatase) acti-
vates AP-1 DNA binding by a dephosphorylation reaction
with Jun,490 but tyrosine phosphatases decrease AP-1 acti-
vation of transcription.491 Both ligand-activated glucocor-
ticoid receptors and retinoic acid-receptors block the DNA
binding activity of AP-1.492,493 In particular the glucocorti-
coid receptor and AP-1 appear antagonistic for DNA
binding; for example, in the promoter region of the genes
for �-fetoprotein494 and insulin-like binding protein 1495

there are overlapping and mutually exclusive sequences
for the glucocorticoid receptor and AP-1. This antagonism
could explain the general failure of glucocorticoids and the
21-aminosteroids (“lazaroids”) to protect neuronal soma.

Activator protein library
Our search identified 42 proteins with AP-1 sites and 31
with AP-2 sites in the promoter regions of the genes. Most
of these genes fall into groups related to (1) antioxidants,
(2) growth factors and their receptors, (3) cytokines and
their receptors, (4) lipid management, (5) structural pro-
teins, (6) neurotransmitter management, (7) phosphoryl-
ation regulation, (8) protease regulation, and (9) electrolyte
and water management (Table 13.1).

Theoretical speculation about what the fos-jun
reperfusion response means
This list of AP-regulated genes makes it difficult to believe
that the reperfusion-induced fos-jun response is not
intended for cell salvage. In particular, the AP-1 and AP-2
systems stimulate production of a family of enzymes that
one investigator group has characterized as belonging to an
“electrophile counterattack.” For AP-1 these include glu-
tathione transferase, NAD(P)H quinone reductase, epoxide
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Table 13.1.

AP-1 AP-2

Antioxidants

Glutathione transferase Glutathione peroxidase

NAD(P)H quinone reductase epoxide hydrolase S-adenosylmethionine decarboxylase

UDP glucuronsyltransferase heme oxygenase I

S-adenosylmethionine decarboxylase

Growth factors and receptors

Insulin-like GF-2 Fibroblast GF receptor

Insulin-like GF-1 IGF-1 receptor

IGF binding protein 5 Insulin receptor

Nerve GF TGF � 2 and 3

IGF binding protein 1 Vascular endothelial growth factor

Fibroblast GF receptor IGF binding protein 5

TGF �1

Vascular endothelial GF

Cytokines and receptors

Interleukin 2 TNF � 1

Interleukin 6 IL7 receptor 

TNF �

IL7 receptor

Nuclear Factor-Kappa B

Interleukin 1 type 1 receptor

Lipid management

Apolipoprotein CIII 5-Lipoxygenase activating protein

Acetyl CoA carboxylase

Branched chain�-ketoacid dehydrogenase-E1�

BC�KAD E2 dihydrolipoyl transacylase

Structural proteins

�-Actin Elastin

vimentin Neurofilament light protein

lysosomal membrane glycoprotein 2 Calreticulin

N-Cell Adhesion Molecule Nidogen

I-CAM

Cytoactin

Neurotransmitter management

NO synthetase Glutamate dehydrogenase

Tyrosine hydroxylase NO synthetase

Glutamate dehydrogenase Aromatic amino acid decarboxylase

Cholecystokinin Phenylalanine hydroxylase

Phosphorylation regulation

Protein kinase C Germ cell alkaline phosphatase

Protein tyrosine kinase (SRC homolog)

cAMP-dependent kinase

Protease regulation

HSP 47 (serine protease inhibitor) Cathepsins H and L (cysteine proteases)

Stromolysin 1 (metalloproteinase) 92 kDa collagenase Cathepsin D

Electrolyte and water management

Atrial natruiretic protein

Na/H exchanger

Miscellaneous

c-jun and c-fos ADP ribosylation Factor II

�-fetoprotein � -subunit mitochondrial ATP synthase

Histone H 3.2

�-subunit pyruvate dehydrogenase  amyloid precursor protein



hydrolase, and UDP glucuronyl transferase, and transcripts
for these enzymes are induced by a large number of elec-
trophiles. Glutathione peroxidase and S-adenosylmethio-
nine decarboxylase have AP-2 binding sites in the 5�

promoter region. A search for the SOD and catalase promot-
ers reveals that both of these classic radical scavenging
enzymes are regulated by SP1496 (housekeeping) promoter
sequences and have neither AP-1 nor AP-2 promoter
sequences.

This suggests that, since the activator proteins are
significantly involved at the level of the cell cycle, there are
a group of important antioxidant enzymes that are upreg-
ulated during DNA replication. The potential evolutionary
rationale could be that relaxed repair of electrophilic DNA
damage is acceptable during non-division states, but DNA
damage during replication could lead to nonsense copies.
Upregulated DNA synthesis and growth factor stimulation
of the activator proteins suggests that neurons may
respond to ischemia and reperfusion with a augmented
transcription of both antioxidant and membrane repair
competence. This would potentially explain the resistance
to free radical damage conferred by growth factors in
primary neuron cultures. Because it has long been known
that pretreatment with barbiturates induces substantial
resistance to brain damage by ischemia and reperfusion, it
is interesting that phenobarbital induces transcription of
glutathione transferase and NAD(P)H reductase497 through
a radical-mediated mechanism (quite possibly related to
cytochrome p450 metabolism of barbiturates).

The second theory is derived from reports498 of interac-
tions between cytokines and growth factors inducing
phosphorylation of a 91-kDa constitutive protein (STAT-
91) that marks it for nuclear localization, DNA binding [to
the SIE sequence-fos promoter]499, and transcription initi-
ation. Further the AP library has multiple positive feedback
loops between promotion of cytokines, growth factors, and
growth factor receptors. This system may represent a co-
ordinated mechanism for stimulating growth factors,
receptors, regulatory tyrosine phosphorylation, transcrip-
tion machinery, and the “electrophile counterattack.”
It may be possible to manipulate these activities by admin-
istration of growth factors.

Growth Factors

Since growth factors are involved in cellular reproduction,
including transcription of the AP-1 components and most
probably membrane synthesis and repair, it is not surpris-
ing that the administration of growth factors has improved
post-ischemic neuronal survival.500 Fibroblast growth
factor substantially inhibits glutamate receptor-mediated

neuronal damage.501 Nerve growth factor administered
either before or after 5 minutes of carotid occlusion in
Mongolian gerbils significantly reduced the loss of hip-
pocampal CA1 neurons.502 Treatment with IGF-1 2 hours
after an ischemia–hypoxia insult in rats reduced cortical
neuronal loss.465 Treatment with insulin, either pre- or
postischemia in the rat, reduced cortical and striatal neu-
ronal necrosis and reduced infarction in the cerebral
cortex, thalamus, and substantia nigra pars reticularis.503,504

Insulin
The observed role of insulin in prevention of postischemic
brain injury is particularly interesting. The improvement in
neurologic outcome seen with postischemic administra-
tion of insulin is independent of any hypoglycemic effect,503

a predictable outcome as glucose transport to the brain
is insulin-independent. The poorer neurologic outcome
observed with hyperglycemia prior to brain ischemia was
commonly attributed to increased lactic acidosis.106

However, the involvement of acidosis in tissue injury
appears unlikely, however, because generation of the same
low tissue pH by hypercarbia did not cause any evident
damage. The effects previously ascribed to hyperglycemia
are equally plausible as alternative interpretations involv-
ing insulin; that is, hyperglycemic experimental animals
(typically fasted rats made ischemic and hyperglycemic) do
not do well, potentially due to either fasting-induced
insulin deficiency or downregulation of insulin receptors.

Insulin effects are complex and affect fundamental cell
regulatory functions well beyond the management of
glucose. For example, insulin receptor-mediated protein
phosphorylation cascades have many actions: they stimu-
late transcription of c-fos/c-jun, increase mRNA efflux
from the nucleus, induce enzymatic systems for de novo
lipogenesis, activate the mitochondrial pyruvate dehydro-
genase complex, modify the phosphatidylinositol transcy-
toplasmic signaling system, and stimulate the heat shock
response.389

The actions of insulin are mediated by a membrane
receptor tyrosine kinase that shares homology with other
growth factor receptors. The initial effect of insulin receptor
activation is tyrosine autophosphorylation and activation of
the intrinsic tyrosine kinase. Secondarily, other proteins are
phosphorylated by activated kinases or dephosphorylated
by activated phosphatases. It is the modulation of the
phosphate content of specific proteins that appears to
direct cellular regulation. A germane example involves the
Ca2�-calmodulin complex, which activates phospholipases;
calmodulin is phosphorylated by the insulin receptor,505

thereby reducing its ability to bind calcium, a reaction
that potentially modulates insulin’s antilipolytic effects.
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Selectively vulnerable neurons, including specifically the
cortical pyramidal ones and those in the CA1 hippocampus,
show marked elevation of the level of both insulin receptors
and phosphotyrosine-containing proteins, which co-map
extensively.506 Furthermore, phosphotyrosine-containing
proteins show the highest concentrations in the nuclei of
these selectively vulnerable neurons,506 consistent with a
transcriptional regulatory function.

This evidence suggests that the postischemic neuropro-
tective effects of insulin are modulated during reperfusion
by kinases, phosphatases, and prompt transcriptional reg-
ulation mediated by protein tyrosine–phosphorylation.
Indeed, we have reported a reperfusion-specific insulin-
induced �10-fold increase in tyrosine phosphorylation on
a 90-kDa brain nuclear protein and Sullivan et al. have
shown a significant decrease in eIF2� phosphorylation
with supranormal recovery of protein synthesis with
insulin administration at ROSC.507 The insulin-induced
neuro-protective responses are likely specifically to
include (1) activation of appropriate early transcrip-
tion for the components of AP-1 in the vulnerable zones
with subsequent upregulation of antioxidant defenses; (2)
inhibition of calcium-calmodulin-activated lipolysis; (3)
stimulation of the lipid synthesis systems vital to mem-
brane repair; and (4) insulin-dependent promotion of the
heat shock response.

The data regarding the involvement of insulin in neu-
ronal salvage raise may explain in part the observed
increase in ROSC, but no improvement in neuronal recov-
ery.508 Catecholamines, such as epinephrine, cause prompt
and prolonged inhibition of insulin secretion by the pan-
creas509 and reduce the tyrosine kinase activity of the
insulin receptor by cAMP-induced phosphorylation of
serine and threonine residues on the receptor.510 These dif-
ficulties may be further aggravated by epinephrine-
induced glucocorticoid secretion with consequent ligand
activation of glucocorticoid receptors and interference
with transcriptional activation by AP-1. Moreover, cate-
cholamines, including dopamine, norepinephrine, and
epinephrine, promote iron-mediated lipid peroxidation511

and neuronal death512 in vitro. We have carried out a pre-
liminary examination of the interrelationships of insulin
and epinephrine levels during the first 3 hours postresusci-
tation in cardiac arrest patients.513 We have observed,
as have others, very high endogenous levels of cate-
cholamines in patients during cardiac arrest. In resusci-
tated patients we have observed two distinct subgroups; in
one, insulin and C-peptide were initially high and then sig-
nificantly decreased over time, and in the other, insulin and
C-peptide were initially normal with a trend for C-peptide
levels to increase with time. An obvious trend is noted for

epinephrine levels to be higher at all times (�10-fold higher
at ROSC) in the group with falling insulin levels. These
results suggest that very high epinephrine levels are associ-
ated with a progressive decrease in insulin and C-peptide
levels during reperfusion. Further the stroke and critical
care literature provide data that bolsters this theory. The
Capes et al meta-analysis reveals that an elevated initial
glucose predicts an increase in mortality by 3-fold in non-
diabetic cerebro vascular accident (CVA) patients.514 The
TOAST study reports initial hyperglycemia predicts poor
outcome from CVA. Further, Parsons et al. proved by MRI
and MR spectroscopy a mechanistic link between acute
hyperglycemia and increased infarct volume and lactate
production,515 and that persistent hyperglycemia is an
independent predictor of increased stroke volume and
poor neurologic outcome.516 Insulin use in diabetics with
acute myocardial infarct (AMI) decrease morbidity and
mortality,517 and strict glucose control with insulin
decreases ICU mortality from 8% to 4.6%.518

Summary

We have tried diligently to summarize the existing evidence
related to brain injury by global ischemia and reperfusion
(Fig. 13.7). Ischemia results in rapid loss of high energy
phosphate compounds and generalized depolarization.
Selectively vulnerable neurons are characterized by their
dendritic fields receiving large amounts of glutamate
released by the general depolarization during ischemia.
Under these circumstances, both voltage-dependent
calcium channels and glutamate-regulated calcium chan-
nels allow a massive increase in intracellular calcium to
occur. This takes place in concert with initiation of lipolysis,
a process that occurs more intensely in the selectively vul-
nerable neurons. Early during reperfusion, there is a burst
of excess oxygen radical production and iron release from
storage proteins. The availability of this transition metal
allows initiation of lipid peroxidation. This process prefer-
entially occurs in the selectively vulnerable neurons. The
vulnerable neurons respond with transcription products
for heat shock proteins and immediate-early genes, a
response that appears directed toward enhancing antioxi-
dant and membrane repair competence. Unfortunately,
translation initiation is significantly depressed and thus the
transcriptional response does not lead to translation of the
appropriate protein products. Under these circumstances,
the processes of membrane damage during reperfusion
proceed unchecked, leading to loss of integrity in par-
titioning ions and cell death. Growth factors represent a
physiologically based intervention strategy to enhance
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appropriate transcriptional responses and translation
competence. Antioxidant drugs reduce the rate of mem-
brane damage, but do not alter the ultimate outcome in the
absence of an effective physiological response by the
neurons. The role of high levels of adrenergic agonists in
this process is not yet completely worked out, but it appears
likely that these compounds may act to enhance the
damage and impede the appropriate physiologic response.
We believe that based on appreciation of these fundamen-
tal principles, it will be possible to design effective clinical
strategies to improve neurologic outcome significantly
following cardiac arrest and resuscitation.
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Except for a single group of papers written in the mid-
1980s1–3 and a more recent preliminary report,4 there are no
studies and no literature on myocardial reperfusion injury
in the setting of cardiac arrest and cardiopulmonary resus-
citation (CPR). From this perspective, the following discus-
sion may be, as Iago claims Cassio’s soldiership to be in
Shakespeare’s Othello, “mere prattle without practice.” It is
to be hoped, however, that this discussion will serve to iden-
tify cardiac arrest and CPR as a setting in which reperfusion
injury may occur; that it will point out where reperfusion
injury may be relevant mechanistically and therapeutically
in this particular clinical circumstance; and, ultimately, that
it will encourage basic and clinical research in an area that
remains largely unexplored.

Reperfusion injury

The primary therapy for myocardial ischemia is reestab-
lishment of normal blood flow. Yet despite the proven
benefit of reperfusion in ischemic syndromes such as
acute myocardial infarction,5–7 evidence shows that some
of this benefit may be lessened by injury caused by reper-
fusion itself.8

The term reperfusion injury includes a number of poten-
tially deleterious effects of reperfusion after a period
of ischemia, including myocardial stunning, reperfu-
sion arrhythmia, and reperfusion-related myonecrosis.9

Depending on the particular setting in which ischemia and
reperfusion occur, these several types of reperfusion injury
may be present alone or in combination.

Clinical settings in which reperfusion injury is thought to
be important include postcardiopulmonary bypass, heart

transplantation, and acute myocardial infarction treated
with either thrombolytic therapy or immediate angio-
plasty.10 Although generally not recognized as such,
cardiac arrest with CPR is clearly an instance, albeit a very
complex one, of ischemia and reperfusion; and, as argued
in what follows, reperfusion injury may very well play an
important role in determining its course and outcome.

Cardiac arrest and cardiopulmonary resuscitation: a
setting for reperfusion injury

Cardiac arrest results in myocardial ischemia. Initiation of
CPR may result in reperfusion if coronary perfusion
pressure is sufficient to provide normal or near-normal
coronary blood flow. However, CPR may not provide an
adequate coronary driving pressure, either because the
developed aortic–right atrial pressure gradient is inade-
quate or because of coronary artery stenoses. Even minimal
coronary stenoses may lead to marked reduction of coro-
nary flow during CPR, particularly in the endocardium.11

Further, the heart is often fibrillating during CPR, so that
levels of coronary flow that might be adequate in the dias-
tolically arrested heart may be insufficient to meet the
higher oxygen demands of the fibrillating heart. Thus how
long ischemia (defined as the mismatch between myocar-
dial oxygen supply and demand) lasts during cardiac arrest
and CPR is often unclear and depends on the time delay
between the onset of cardiac arrest and the initiation
of CPR and on the adequacy of CPR in restoring a level
of coronary blood flow sufficient to meet metabolic
demand. As a result, reperfusion may occur once CPR is
instituted, once spontaneous circulation is established, or
perhaps only after sufficient pharmacologic or mechanical
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hemodynamic support allows for development of ade-
quate coronary perfusion pressure. To make matters more
complex, the setting of cardiac arrest and CPR often
involves multiple, recurring episodes of ischemia and
reperfusion and obviously requires administration of a
number of pharmacologic agents, which may influence
coronary flow and myocardial oxygen consumption.

These considerations make it likely that the full spec-
trum of reperfusion injury may be seen in the setting of
cardiac arrest and CPR. It is important to reiterate that,
except for the three studies mentioned above, no studies
have been performed to date specifically addressing the
question of reperfusion injury in this setting.

The potential importance of defining the extent of
reversible or preventable dysfunction or injury caused by
reperfusion in this very special setting cannot be over-
stated. Therapies aimed at preventing reperfusion injury
may preserve cardiac function and muscle mass and mini-
mize recurrent arrhythmias, critical determinants of sur-
vival in the early and late postresuscitation period. Further,
treatment of reperfusion injury with effective therapeutic
modalities utilized for the proper duration can mean the
difference between long-term survival and death.

This chapter will review what is known about myocar-
dial reperfusion injury and attempt to relate inform-
ation gleaned from these studies to the setting of cardiac
arrest and CPR, keeping in mind that most of what is
known comes from studies meant to examine experi-
mental or clinical circumstances other than cardiac arrest
and CPR.

Myocardial stunning

Definition

As first reported by Heyndrickx et al. in 1975,12 myocardial
stunning refers to the prolonged but reversible ventricular
dysfunction that follows a relatively brief, non-lethal
ischemic period. The key features of stunning are that
myocardial dysfunction occurs despite normal blood flow,
that this dysfunction is reversible, and that it occurs in the
absence of significant myonecrosis.

Recognition of stunning after cardiac arrest and CPR is
important since the associated dysfunction is reversible.
Failure to recognize this possibility may adversely and
wrongly affect the physician’s assessment of the patient’s
prognosis in the immediate postresuscitation period.
Further, as potential treatments for stunning are devel-
oped, particularly those directed at its prevention, they
may be applied to this clinical situation.

Stunned myocardium in animal models

The original description of stunning involved regional
ischemia and reperfusion12 in the dog. Since then, many
studies have shown that the degree and duration of
postischemic dysfunction depend on the duration of
ischemia (Fig. 14.1(a).12–15 Five minutes of ischemia
may be followed by 3 hours of reduced systolic wall thick-
ening, and 15 minutes of ischemia may be followed by
24 hours of reduced function.14 In one of the few studies
that directly relates to CPR, Cerchiari et al.15 studied the
effect of cardiac arrest of 7.5-, 10-, and 12.5-minute dura-
tion on ability to resuscitate, mortality, neurologic deficit
scores, and cardiac function. There was no difference in
any category except that cardiac output was depressed
for more than 12 hours after CPR and more severe
arrhythmias occurred in the animals with cardiac arrest of
12.5-minute duration (Fig. 14.1(b)).15 The prolonged
depression of cardiac output with a gradual return toward
normal probably represents myocardial stunning, the
extent and duration of which are functions of the dura-
tion of the ischemic episode. Moreover, the degree of
postreperfusion dysfunction is directly related to the
reduction of blood flow reduction during the ischemic
period16 and consequently can be influenced by collateral
flow.

Repeated brief episodes of ischemia followed by reper-
fusion periods can also lead to stunning.17,18 Deterioration
of systolic function is greatest after the first occlusion-
reperfusion period and reaches its nadir after the third
repetition.17,18 The reason functional deterioration does
not continue is unclear, but it appears to be related to a
“preconditioning” effect of a first, brief period of ischemia
that protects the myocardium from further functional
deterioration and adenosine triphosphate (ATP) loss19

and minimizes myonecrosis20 in subsequent ischemic
periods.

Stunning has also been observed in the isolated heart
after brief periods of global ischemia followed by reperfu-
sion in a number of species.21 Although global ischemia
might be considered a better model of cardiac arrest and
CPR than regional ischemia models, many such models fail
to document a full return of function since the preparation
most often used, the isolated heart, deteriorates signifi-
cantly over time.21

In addition to systolic dysfunction, it has been appreci-
ated more recently that diastolic dysfunction can also
occur in stunned myocardium. In previously ischemic
regions, the rate and degree of diastolic wall thinning were
reduced for several hours after a 15-minute coronary
occlusion in the conscious dog.22
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Interestingly, cessation of coronary blood flow is not
necessary to produce stunning: transient dysfunction has
been noted after exercise-induced ischemia. For example,
Homans et al.23 have shown progressive deterioration in
wall thickening in dogs with critical coronary stenoses
made to exercise for 10 minutes with 60-minute rest

periods between. Thus it is ischemia per se (i.e., the mis-
match between myocardial oxygen supply and demand),
not how it is produced, that when followed by reperfusion
results in myocardial stunning.

Finally, factors other than ischemia may produce stun-
ning. Particularly important to the setting of cardiac arrest
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and CPR, ventricular fibrillation alone, in the absence of
ischemia, may produce prolonged ventricular dysfunction
after its cessation (Fig. 14.2).24

Stunned myocardium in humans

Clinical settings in which stunning may occur include
reperfusion therapy for acute myocardial infarction
(whether pharmacologic or mechanical), following car-
diopulmonary bypass, cardiac transplantation, and even
after ischemia-producing exercise in patients with coro-
nary artery disease.9

Ellis et al.25 have shown that with prolonged ischemia
sufficient to produce subendocardial infarction, followed
by reperfusion, non-necrotic myocardium surrounding
infarcted myocardium is probably stunned and function in
this region returns gradually over a 2-week period. By
analogy, after thrombolytic therapy for acute myocardial
infarction, several studies have shown a gradual return of
function over days to weeks.26 Whereas some functional
recovery may be due to infarct healing and the effect of
drugs and other factors, recovery of stunned myocardium
is a likely additional factor.

Perhaps the best clinical example of stunning is the
transient myocardial dysfunction that follows cardiopul-
monary bypass (Fig. 14.3). Although a number of factors
may play a role in postbypass dysfunction, including
the prolonged metabolic effects of hypothermia and
effects caused by handling of the heart during surgery, it
is likely that much is due to reperfusion injury.27 Systolic

dysfunction28,29 and diastolic dysfunction30 have been
reported in the early hours after bypass, with complete
recovery within hours, days, or, in some instances, weeks.31

As in animal models, it is ischemia per se, the mismatch
between coronary flow and myocardial oxygen demand,
rather than cessation of coronary flow, that results in stun-
ning. Exercise-induced stunning has been demonstrated
in studies that reveal transient regional dysfunction after
an exercise period that provoked ischemia in patients with
coronary artery disease.32

Mechanisms of stunned myocardium

A number of mechanisms have been proposed for stunned
myocardium, including a decline in myocyte ATP levels,
alterations of Ca2� metabolism, change in subcellular
organelles, and production of free radicals.

Stunned myocardium is characterized by a persistent
reduction in ATP level and in the total purine nucleotide
pool33 for a variable time following reperfusion. In stunned
myocardium, less ATP synthesis can occur via the salvage
pathway because of loss of the requisite precursors during
ischemia. Therefore de novo purine precursor resynthesis
is required to replenish ATP, a process that may require
several days.33 The parallel reduction in myocardial func-
tion and ATP levels and their gradual, parallel return
toward normal levels in stunned myocardium strongly
suggest a causal relationship between the two. A number of
studies have shown, however, that myocardial function
and the level of ATP can be dissociated in stunned
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myocardium. For example, function can be increased and
sustained at normal or supranormal levels with cate-
cholamines or postextrasystolic potentiation in stunned
myocardium18 without changing ATP levels. Conversely,
ATP levels can be increased to near normal levels in
stunned myocardium by administration of requisite pre-
cursors without reversing dysfunction.34 Thus the pro-
longed but reversible dysfunction that characterizes
stunned myocardium is not related to myocyte ATP levels.

Strong evidence suggests that at least part of the
prolonged dysfunction after reperfusion in stunned
myocardium is mediated by abnormalities of calcium
homeostasis. Intracellular calcium levels rise during
ischemia and during early reperfusion.35 The mechanism
for the increase in cytosolic Ca2� appears to be a metabolic
inhibition of the sarcolemmal Na–K ATPase with a conse-
quent rise in intracellular Na�. At reperfusion the Na–Ca
exchange mechanism, which usually pumps Ca2� out of
the cell in exchange for Na�, reverses direction in response
to relative intracellular Na�-loading, now extruding Na� in
exchange for Ca2�.

That the transient rise in intracellular Ca2� is causally
related to stunning is supported by several lines of evi-
dence. Reducing the rise in intracellular calcium with
acidosis36 or perfusion with low calcium37 minimizes stun-
ning. In addition, other non-ischemic maneuvers that
result in intracellular calcium loading such as perfusion
with high calcium concentration perfusate38 or following a
period of ventricular fibrillation24 mimic ischemia-
mediated stunning functionally and histologically.

How this transient rise in intracellular Ca2� leads to
depressed function is unclear. Nevertheless, systolic dys-
function in stunned myocardium is associated with a
decline in maximal calcium-activated force production

and a decrease in the sensitivity of the myofilaments to
calcium.39,40 Similarly, the mechanism of postfibrillation
dysfunction has been related to intracellular Ca2� overload
and a resulting decline in the sensitivity of myocyte con-
tractile elements to Ca2�.24 It is possible that increased
intracellular Ca2� may activate protein kinases, which may
then phosphorylate and therefore alter the function of
contractile proteins.41 Finally, reduced uptake of calcium
by sarcoplasmic reticulum has been observed in stunned
myocardium42 and may be related to both impaired sys-
tolic and diastolic function. Impaired diastolic relaxation
may also be caused by abnormal myofilament relaxation,
perhaps secondary to changes in intracellular inorganic
phosphate.43

Paradoxically, despite a decline in ATP levels and a par-
allel reduction in function, myocardial oxygen consump-
tion is increased in stunned myocardium.44,45 This
mismatch between oxygen consumption and function is
related neither to uncoupling of oxidative phosphorylation
nor to a rise in basal (non-contractile-related) myocyte
oxygen requirements.46 Instead, it appears to be caused by
a reduction in the calcium sensitivity of myofilaments in
the postischemic period,47,48 noted above.

Evidence also exists that oxygen-based radicals are
important mediators of stunned myocardium. Within 1
minute of reperfusion there is a marked production of free
radical species including O2, H2O2, and OH,49 which, while
declining rapidly, is sustained for several hours after reper-
fusion.49 Treatment with superoxide dismutase (SOD)
(which prevents production of O2) and catalase (which pre-
vents production of H2O2 and OH) minimizes free radical
production49 and minimizes the degree of postischemic
dysfunction as well.50 The relationship between degree of
dysfunction in the reperfusion period and the degree of
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blood flow reduction during the ischemic period noted
above may reflect the close association between the degree
of ischemia and the level of oxygen radicals subsequently
produced during reperfusion.51 The only literature that
actually specifically addresses reperfusion injury in the
setting of cardiac arrest and CPR involved administration
of the iron chelator deferoxamine to inhibit generation of
oxygen radicals by inhibiting the Haber–Weiss reaction.1–3

Interestingly, deferoxamine was given 5 minutes after
return of spontaneous circulation and therefore after
reperfusion2,3 and after the expected early, large burst of
free radical generation; yet inhibition of free radical gener-
ation at this relatively late time still appeared to have a
marked beneficial effect as measured by late survival: in
the deferoxamine-treated group, late neurologically intact
survival was twice that of controls.2,3

It is likely that the pathogenesis of stunning involves
both free radical–mediated injury and calcium-mediated
injury; the two mechanisms are not mutually exclu-
sive.41,52 Although a number of ways the two mechanisms
may work together to effect myocardial stunning have
been suggested,41,52 their complex interrelations remain to
be elucidated.

Clinical issues relevant to cardiac arrest and
cardiopulmonary resuscitation

The critical aspect of stunning important to the setting
of cardiac arrest and CPR is that stunning may lead to
profound, prolonged, but reversible, myocardial dysfunc-
tion despite restoration of normal coronary blood flow
and preservation of cerebral function. The clinician must
be aware that stunned myocardium will recover if given
sufficient time and that support of the stunned heart,
often for protracted periods of time, may be required.
Better methods to identify viable but dysfunctional
myocardium could be of obvious value in the postarrest
setting.

Minimization of arrest time before initiation of CPR and
restoration of adequate coronary blood flow would be
important since the degree of stunning is directly related to
the duration of ischemia. Clinical studies have repeatedly
demonstrated a direct relationship between early and late
survival and minimization of the time between cardiac
arrest and institution of CPR.53,54 Clearly, while rapid insti-
tution of CPR may minimize myocardial stunning, other
beneficial effects are probably as, or even more, important.

During CPR, maintenance of the highest perfusion pres-
sure possible is of clear importance since stunning depends
in part on the degree of ischemia. The requisite pressure
can be significantly higher than that required for cerebral

perfusion, because the elevated oxygen consumption of the
fibrillating heart and the presence of coronary artery
stenoses increase the aortic pressure required to maintain
adequate coronary blood flow. Since stunning depends on
an imbalance between oxygen supply and demand,
improvement of this balance in the course of CPR might
minimize stunning. Epinephrine, which is often used in
high doses to improve coronary perfusion pressure during
CPR, can also increase myocardial oxygen demand. If the
improvement in flow fails to match the increase in demand,
then the setting exists for myocardial stunning. In a recent
animal study the combination of phenylephrine and pro-
pranolol resulted in lower myocardial lactate levels and
higher myocardial ATP levels than either high-dose epi-
nephrine or phenylephrine alone.55 Presumably, phenyle-
phrine allowed for an increase in aortic pressure during
CPR, while propranolol reduced myocardial oxygen con-
sumption, suggesting that use of this combination of drugs
during CPR may minimize subsequent stunning. Whether
this will translate into a useful therapeutic strategy remains
to be seen.

Following restoration of spontaneous circulation, the
postarrest heart may be stunned and require support,
either mechanical31 or pharmacologic.18 Left ventricular
assist devices31 and peripheral bypass are both potential
forms of therapy. Stunned myocardium can be made to
develop normal contractile performance pharmacologi-
cally by use of inotropic drugs, such as catecholamines.18

The duration of support can be quite extraordinary
(Fig. 14.4): one patient undergoing coronary artery bypass
surgery was reported to have an ejection fraction of 6%
postoperatively (50% preoperatively).31 After more than
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2 weeks of mechanical and pharmacologic (inotropic)
support, cardiac function recovered and the (unsup-
ported) ejection fraction was 38%.31 The clinician caring
for the postarrest patient must recognize the potential
for stunned myocardium to recover over such protracted
periods of time.

In the future, further study of the mechanisms of stun-
ning in cardiac arrest and CPR may lead to other ways of
preventing its occurrence. Thus inhibition of free radical
formation with SOD and catalase administered during CPR
may prevent or minimize postarrest myocardial dysfunc-
tion. Inhibition of the transient postischemic rise in intra-
cellular Ca2� or reversal of its longer lasting effects on
target proteins or subcellular structures could also be a
future preventive strategy.

Reperfusion arrhythmias

At one time, arrhythmias, including ventricular tachycardia
and fibrillation, were thought to herald successful reperfu-
sion after thrombolytic therapy for acute myocardial infarc-
tion. Closer study of large numbers of patients, however,
revealed that reperfusion arrhythmias are insensitive and
non-specific markers of reperfusion in this setting.56,57

Nevertheless, reperfusion arrhythmias have been repeat-
edly demonstrated in animal models of ischemia and
reperfusion. It is interesting that reperfusion after brief (5 to
20 minutes) ischemic periods may be associated with more
frequent and more severe ventricular arrhythmias than
more prolonged periods (hours).9 A discussion of reperfu-
sion arrhythmias is warranted for at least two reasons. First,
as will be discussed below, reperfusion arrhythmias can be
the proximate cause of cardiac arrest. Second, since the
ischemic period associated with cardiac arrest and CPR is
usually relatively brief (minutes not hours), the reperfusion
that attends restoration of adequate coronary flow either
from CPR itself or from the return of spontaneous circula-
tion may create the electrophysiological milieu associated
with reperfusion arrhythmias.

Animal models of reperfusion arrhythmias

Reperfusion arrhythmias have been documented in several
species, and in general their frequency and severity depend
on the duration of ischemia.58 This relationship is not linear,
however. Very brief episodes of ischemia lead to no or infre-
quent reperfusion arrhythmias; longer periods of ischemia
that end before the onset of significant irreversible injury
are associated with the highest frequency and most severe
ventricular arrhythmias; and very long ischemic periods

(long enough to lead to irreversible myonecrosis) again lead
to less frequent and less severe ventricular arrhythmias.58

The exact timing of these events depends on the species
and the model (intact or isolated heart) examined. In the
isolated rat heart, for example, reperfusion ventricular fib-
rillation occurs infrequently after less than 5 or more than
30 minutes of ischemia but occurs in virtually all animals
after 15 minutes of ischemia.58 In the intact dog, ischemic
durations less than 5 to 10 minutes or greater than 60 to
90 minutes infrequently lead to reperfusion fibrillation,
whereas more than 50% of animals fibrillate on reperfu-
sion after 20 to 30 minutes of ischemia.58 In addition to the
duration of ischemia, development of serious ventricular
arrhythmias appears to be related to the level of collateral
flow and high-energy phosphates: the higher the collateral
flow during the ischemic period, the less likely arrhythmias
follow reperfusion.59

Reperfusion arrhythmias in humans

As noted above, prolonged ischemia followed by reper-
fusion, as occurs in acute myocardial infarction treated
with thrombolytic therapy, is sometimes but not usually
associated with ventricular arrhythmias. One large study
of 500 patients with acute myocardial infarction, some
treated with and others without thrombolytic therapy,
showed no increase in ventricular arrhythmias in patients
treated with reperfusion therapy,60 suggesting that these
arrhythmias, when they occur, are not necessarily related
to reperfusion.

In other clinical settings, brief periods of ischemia fol-
lowed by reperfusion have been shown to be associated
with development of serious ventricular arrhythmias.
For example, Previtali et al.61 studied a group of patients
with Prinzmetal’s variant angina. Continuous Holter
monitoring identified a subgroup of these patients who
had ventricular arrhythmias either during ST segment
elevation (during ischemia) or after resolution of ST ele-
vation (reperfusion). Of the group who developed ven-
tricular arrhythmias, the arrhythmia was associated with
reperfusion in one-third (10 out of 27).61 Similarly,
Myerburg et al.62 described a small group of patients with
transient, silent ST segment elevation associated with
life-threatening ventricular arrhythmias, 40% (two out of
five) of whom developed the arrhythmia during resolu-
tion of the preceding ST segment elevation (i.e., during
reperfusion).

From these observations it is clear that reperfusion
arrhythmias occur in humans, particularly after brief
episodes of ischemia. It is also clear that reperfusion
arrhythmias can be the initiating event in cardiac arrest.

288 T. Aversano



Mechanisms of reperfusion arrhythmias

Re-entry, increased automaticity, and triggered activity
have all been suggested as potential mechanisms of reper-
fusion arrhythmias.

The ionic and electrophysiologic consequences of
ischemia and reperfusion are complex and incompletely
understood; the nature and degree of these alterations
depend on the duration of ischemia and on the model used
for study. Since reperfusion ventricular arrhythmias seem
to occur most often after relatively brief durations of
ischemia (15 to 30 minutes in most species), this discussion
will center around changes that occur in that time frame.

Ischemia rapidly leads to an increase in extracellular K�

and a rise in intracellular Na�, in part a result of metabolic
inhibition of the sarcolemmal Na–K ATPase pump. The
myocyte transmembrane potential becomes depolarized,
and action potential duration is shortened. On reperfu-
sion, there is a rise in intracellular Ca2� mediated, in part,
by the Na–Ca exchanger mentioned above. Extracellular K�

is washed out and returns toward normal or subnormal
levels, and action potential duration returns to normal or
becomes prolonged.

Restoration of coronary blood flow returns the electro-
physiologic properties of ischemic myocardium toward
normal. However, since coronary blood flow is restored in
a non-homogeneous manner, with islands of high and low
flow, restoration of the normal ionic and electrophysio-
logic milieu is also not homogeneous. Hariman et al.63

showed that in the dog, reperfusion after 20 minutes of
ischemia was associated with a marked spatial hetero-
geneity of regional blood flow, extracellular K� concentra-
tion, and electrogram duration within the reperfused zone
in the first minutes of reperfusion. Similarly, Coronel
et al.64 demonstrated marked heterogeneity of extracellu-
lar K� and action potential duration between reperfused
and normal myocardium in early reperfusion after 10
minutes of coronary occlusion in the isolated pig heart.

This heterogeneity leads to a dispersion of refractori-
ness, which forms the ideal substrate for re-entry. Although
various studies differ on the precise nature of the electro-
physiologic changes involved, most support the notion
that reperfusion is marked by a dispersion of refractory
periods either within the previously ischemic region or
between the reperfused and normal regions. For example,
Levites et al. demonstrated a marked dispersion of refrac-
toriness in dog hearts subjected to 15 to 30 minutes of
coronary occlusion followed by reperfusion.65 After short-
ening during the ischemic period, the refractory period
was prolonged in the previously ischemic region within
3 minutes of flow restoration.65 They concluded that the

dispersion of refractoriness and its temporal relation to the
onset of ventricular arrhythmias suggested re-entry was an
important mechanism of reperfusion arrhythmia.65 Naimi
et al. also demonstrated a dispersion of effective refractory
periods in ischemic and reperfused dog hearts following
either 5 or 15 minutes of regional ischemia.66 In this study
the effective refractory period was actually shortened in
the first minute of reperfusion; the increased dispersion
of refractory periods between normal and reperfused
myocardium led to a large electrical gradient between the
two regions.66

Although re-entry constitutes a common, if not the most
common, mechanism for production of reperfusion
arrhythmias, other mechanisms are also likely to be opera-
tive. For example, reperfusion arrhythmias have been
attributed to triggered arrhythmias: early and delayed
afterdepolarizations.

Priori et al. demonstrated, in an in vivo cat model of 10
minutes of coronary occlusion followed by reperfusion,
that early afterdepolarization occurs in early reperfu-
sion and can be an important mechanism of reperfusion
arrhythmias.67 Rozanski and Witt68,69 showed that in iso-
lated cardiac Purkinje fibers recovering from ischemia like
conditions (hypoxia, high external K�, and acidosis), action
potential duration is prolonged, setting the stage for early
afterdepolarizations (Fig. 14.5). Further, generation of such
depolarizations was critically dependent on intracellular
acidosis.68 The ionic basis for early afterdepolarizations is
not completely clear but may involve an inward current
carried by Ca2� through sarcolemmal voltage-gated Ca2�

channels,70 which, in part because of prolongation of action
potential duration, have time to recover from their inactive
state and reopen at or near the plateau potential.
Alternatively, the ionic current could be carried by Na�

through Na� channels or may be caused by a reduction or
delay in outward, repolarizing current.68 The requirement
for a preceding intracellular acidosis suggests that Ca2�

may be important in creating the conditions necessary for
early afterdepolarizations. That is, the rise in intracellular
Ca2� after reperfusion may depend on an increase in intra-
cellular Na�; and the rise in intracellular Na� may depend
not only on metabolic inhibition of the Na–K ATPase pump
but also on Na–H exchange. The rise in intracellular Ca2�

occurs on reperfusion when the Na–Ca exchanger pumps
out Na� and takes in Ca2�. These reperfusion-associated
changes in intracellular Ca2�, although transient, may lead
to longer-lasting alterations in membrane electrophysio-
logic properties,68 just as they lead to longer-lasting
changes in function in the case of myocardial stunning.

Delayed afterdepolarizations have also been sug-
gested as a cause of reperfusion arrhythmias. Delayed
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afterdepolarizations are related to spontaneous oscilla-
tions in intracellular Ca2� caused by release from the sar-
coplasmic reticulum.70 Increases in such release, as may
be seen with the relative calcium overload that occurs
with ischemia and reperfusion, can be associated with
such depolarizations. In a model consisting of isolated,
superfused canine papillary muscle–Purkinje fiber prepa-
rations, Ferrier et al. demonstrated that “reperfusion”
following ischemia-like conditions (hypoxia, acidosis)
resulted in a stereotyped sequence of events: first hyper-
polarization, then progressive depolarization, and then a
return to control membrane potential.71 During the depo-
larization phase, delayed afterdepolarizations could initi-
ate extrasystoles,71 but whether or not they actually can
initiate repetitive ventricular activity in the setting of in
vivo ischemia and reperfusion is unclear.

Similar to altered cardiac function following ischemia
and reperfusion, changes in the electrophysiologic proper-
ties of reperfused myocardium have been attributed to
alterations in Ca2� homeostasis and changes caused by
free radical damage. Relevant changes in Ca2� homeosta-
sis were outlined above.

The extent to which electrophysiologic changes are
the result of free radical injury is more difficult to determine,

and the relationship between free radical–induced injury
and reperfusion arrhythmias remains unclear. Some studies
suggest that the time course of changes in electrophysio-
logic properties such as action potential duration is too slow
to be associated with reperfusion arrhythmias,72 whereas
other studies suggest changes can occur within 1 minute of
exposure to free radical–generating systems.73 And although
some studies have shown a reduction in ventricular arrhyth-
mias associated with reperfusion after treatment with free
radical scavengers such as SOD and catalase,74,75 others
have failed to show such a benefit.73,76 Thus, although free
radicals are generated in the first moments of reperfusion,
their relationship to arrhythmias in this period remains
uncertain.

Other potential mechanisms involved in reperfusion
arrhythmias include �-adrenergic activation77 and angio-
tensin II production.78 Blockade of �-adrenergic activation
with phentolamine77 and angiotensin converting enzyme
(ACE) inhibition78 has been reported to reduce the fre-
quency and severity of ventricular reperfusion arrhyth-
mias in animal models.

Influence of comorbid conditions and common drugs
on reperfusion arrhythmias

Comorbid conditions that affect cardiac arrest victims,
such as hypertension and diabetes, may influence reperfu-
sion arrhythmias. Isolated hearts from hypertensive rats
subjected to 10 minutes of regional ischemia followed by
reperfusion have a higher incidence of ventricular fibrilla-
tion than do normal hearts.79 On the other hand, diabetic
rats (streptozotocin-induced) appear to have a somewhat
lower incidence of sustained ventricular fibrillation after
10 minutes of regional ischemia followed by reperfusion,80

perhaps because these hearts have a higher content of free
radical–scavenging enzymes, prolonged action potential
duration, and reduced activity of Na�–H� and Na�–Ca2�

exchange.80

Concomitant drug administration can also influence
reperfusion arrhythmias. The incidence and duration of
ventricular fibrillation are increased in isolated rat hearts
made globally ischemic for 25 minutes and reperfused
after administration of ouabain,81 probably because of
ouabain-induced augmentation of Ca2� overload. Other
drugs may have a beneficial effect. For example, ACE
inhibitors have also been shown to reduce the incidence,
severity, and duration of reperfusion arrhythmias.82 Still
other drugs have a mixed action. Glibenclamide, an oral
hypoglycemic, has been shown to increase the frequency
of delayed afterdepolarizations and triggered activity
in eperfused myocardium;83 yet it also appears to reduce
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re-entrant ventricular tachycardia and fibrillation in the
same setting.83,84

Clinical relevance of reperfusion arrhythmias to cardiac
arrest and cardiopulmonary resuscitation

Reperfusion arrhythmias may initiate cardiac arrest, as
noted above, and may be an important cause of sudden
death. In addition, reestablishment of coronary flow by
CPR, either by creating an adequate coronary driving pres-
sure or restoration of spontaneous circulation, results in
reperfusion, which may in turn lead to reperfusion arrhyth-
mias either during CPR or in the early postresuscitation
period.

The approach to these arrhythmias is standardized
and directed for the most part at treating re-entry, the
mechanism that is probably most common and for
which there is strongest evidence. Thus lidocaine, bretyl-
lium, and magnesium sulfate, in that order, are used for
serious ventricular arrhythmias in the setting of CPR. In
addition, lidocaine has been reported to be effective in
suppressing both early85 and delayed86 afterdepolariza-
tions, making it a drug of first choice in this setting. At
present, no specific therapies can be aimed at preventing
these arrhythmias.

It is clear that the ability to identify mechanisms of
reperfusion-related arrhythmias beside re-entry at the
bedside may be important in the future when specific ther-
apies for these arrhythmic mechanisms are available. In
addition, methods of modifying the effects of increased
intracellular Ca2� or minimizing the ionic and metabolic
disturbances that lead to Ca2� overload and its lingering
aftereffects may be available in the future and used for pre-
vention. Finally, to the extent that free radicals mediate
reperfusion arrhythmias, treatment with free radical scav-
engers during CPR may minimize postresuscitation
arrhythmias.

Myonecrosis and vascular injury

Definition

Reperfusion-related myonecrosis occurs after more pro-
longed ischemic periods. Ischemia alone obviously can
produce irreversible injury, but this reperfusion-related
myonecrosis extends this injury and produces additional
cell death.

Whereas myocardial stunning and reperfusion arrhyth-
mias are important to both therapy and a fundamental
understanding of cardiac arrest and CPR, whether the

myonecrosis caused by reperfusion after more prolonged
ischemic periods is relevant in this setting is much less
clear. Indeed, whether this type of reperfusion injury
occurs at all in any setting remains unresolved. Further,
since a more prolonged ischemic insult is required to
produce lethal myocyte injury, the relevance to the setting
of cardiac arrest and CPR is less clear: an arrest time greater
than a few minutes is incompatible with meaningful neu-
rologic recovery.

Nevertheless, it is possible to imagine a circumstance in
which CPR was begun soon after cardiac arrest and pro-
duced an adequate coronary perfusion pressure. However,
if one or more coronary arteries had critical stenoses, then
the regional ischemic period could be relatively long if CPR
is continued for a prolonged period; this could be sufficient
to produce irreversible injury. On return of spontaneous
circulation and better coronary perfusion pressure and
flow, reperfusion injury could occur and result in addi-
tional myonecrosis.

Reperfusion-related myonecrosis in animals

The most direct evidence for reperfusion injury comes
from a study of Becker et al.87 Dogs were subjected to
90 minutes of coronary occlusion followed by variable
periods of reperfusion. Electron microscopic evidence for
irreversible injury was assessed in biopsies taken from
ischemic regions reperfused for 0, 5, 90, or 180 minutes.
Nearly all biopsies from ischemic regions with very low
flow (�0.05 ml/g per min) showed irreversible injury
independent of the reperfusion period. In biopsies from
ischemic regions with less severe flow reduction
(�0.05 ml/g per min), however, irreversible injury
increased as a function of reperfusion period, with more
samples showing irreversible injury as reperfusion time
increased. These results are consistent with reperfusion
injury. Whether this injury was inevitable and would have
occurred whether or not reperfusion had occurred cannot
be gleaned from this study.

Rather than demonstrating reperfusion injury directly,
most studies attempt to demonstrate reperfusion-related
myonecrosis by trying to minimize it. Such studies rely on
using some agent or maneuver to reduce reperfusion
injury compared to a control condition. Infarct size (mass)
is the most common outcome variable measured: if the
agent reduces reperfusion injury, infarct size will be
smaller in the treated than in the control group. A critical
conceptual issue in such studies is that most interventions
designed to reduce reperfusion injury may minimize
infarct size in other ways as well and therefore are not
absolutely specific.
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Review of the numerous agents used in such studies is
beyond the scope of this chapter. Agents that appear to
reduce infarct size by minimizing reperfusion-related
myonecrosis include (a) those that interfere with neu-
trophil sequestration in the reperfused region or neutrophil
function,88–90 (b) agents that interfere with free radical for-
mation,1,3,91,92 and (c) other agents that work through
various or uncertain mechanisms.93–95 All such studies
demonstrate, at best, an association between a reduction in
infarct size and the agent’s use but do not prove that the
mechanism has any connection with limitation of reperfu-
sion injury. Further, for each of these approaches, studies
that fail to show benefit exist as well. For this reason the
issue of reperfusion-related myonecrosis remains contro-
versial and unresolved.

Evidence for reperfusion-related myonecrosis in
humans

No direct or indirect evidence exists of reperfusion-related
myonecrosis in humans. Two agents that have been shown
to reduce infarct size in animal models of ischemia and
reperfusion (presumably by limiting reperfusion injury),
SOD and the perfluorochemical Fluosol, had no beneficial
effect when administered just before reperfusion in recent
trials of patients undergoing thrombolysis or angioplasty
for acute myocardial infarction.96,97

Mechanisms of reperfusion-related myonecrosis

The potential elements involved in reperfusion-related
myonecrosis are numerous, complex, interrelated, and
incompletely understood. The leukocyte, endothelial cell,
platelet, cytokines, free radicals, Ca2�, and other factors all
may be involved in a complex and interconnected way.

The polymorphonuclear leukocyte (PMN) is sequestered
in the reperfused region shortly after reestablishment
of flow by the action of specific adhesion molecules that
allow for adherence of the PMN to the endothelial cell
and subsequent diapedesis into the interstitial space.98

Deleterious effects of these PMNs include release of lysoso-
mal enzymes and free radicals, which cause both myocyte
and endothelial cell damage, and direct plugging of the
microvasculature.

Free radical production occurs from sequestered PMNs
and also from endothelial cells on reperfusion,99 resulting
in both muscle and microvascular injury.87 Experiments
demonstrating that inhibition of free radical formation
limits infarct size support this as a potential mechanism
but do not identify the source of radical formation
directly.

Clinical relevance of reperfusion-related myonecrosis
in cardiopulmonary resuscitation

Since the existence of reperfusion-related myonecrosis is
itself controversial, its relevance to cardiac arrest and CPR
is tenuous indeed. Nevertheless, to the extent that
reperfusion-related myonecrosis may be important,
therapeutic strategies that are currently being designed
and tested in animal models may be appropriate potential
therapies in the setting of prolonged CPR. These include
antineutrophil therapies designed to interfere with neu-
trophil sequestration in reperfused myocardium and inhi-
bition of free radical formation.

Summary

Cardiac arrest and CPR provide a setting in which reperfu-
sion injury can occur (Fig. 14.6). Relatively brief episodes of
ischemia lasting less than 10 to 20 minutes followed by
reperfusion are probably relatively common and may be
regional or global, depending on the time between circula-
tory collapse and initiation of CPR, the adequacy of CPR in
restoring coronary blood flow, the presence of coronary
stenoses, the time to recovery of spontaneous circulation
and normal hemodynamics, and the pharmacologic agents
administered.

Durations of ischemia in this range can be followed by
two types of reperfusion injury, myocardial stunning and
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reperfusion arrhythmias. One common mechanism under-
lying the functional and electrophysiologic derangements
in these two types of reperfusion injury is altered Ca2�

homeostasis. The transient Ca2� overload that character-
izes ischemia and reperfusion is related to the rise in intra-
cellular Na� that occurs secondary to inhibition of the
sarcolemmal Na–K ATPase pump and to intracellular aci-
dosis with subsequent Na–H exchange that occurs during
ischemia. On reperfusion the rise in intracellular Na�

results in a rise in intracellular Ca� as Na� is extruded in
exchange for Ca� via the Na–Ca exchanger. This transient
rise in intracellular Ca2� leads to longer-lasting derange-
ments in the functional and electrophysiologic properties
of the cardiac myocytes by as yet undermined mechanisms,
perhaps involving alteration of myofilament or membrane
proteins through activation of protein kinases. As a result,
reperfusion after brief ischemic periods can result in pro-
longed cardiac dysfunction and a dispersion of refractori-
ness, which lead to myocardial stunning and re-entrant
reperfusion arrhythmias.

Other mechanisms of stunning and reperfusion arrhyth-
mias may exist, such as free radical injury. Although
experimental support for the importance of free
radical–mediated injury in animal models of stunning is
strong, the relationship of free radical generation to reper-
fusion arrhythmias is less clear.

Whether more prolonged ischemia can lead to reper-
fusion-related myonecrosis and whether this is really
applicable to the setting of cardiac arrest and CPR are more
difficult to assess.

Current therapeutic considerations center around
recognition and treatment of the potentially prolonged
dysfunction that may occur in stunned myocardium
and the important discrimination of stunned from irre-
versibly injured heart. Pharmacologic and mechanical
support of the postresuscitation stunned heart can be
protracted but ultimately can be rewarded with impro-
ved functional survival. Re-entry is probably the most
common mechanism for reperfusion arrhythmias, which
appear to be appropriately treated with currently recom-
mended agents.

Future therapies will attempt to prevent or minimize
reperfusion injury. Altered Ca2� homeostasis may be pre-
vented by limiting the entry of intracellular Na� during
ischemia or reversing the effects of intracellular Ca2� accu-
mulation on target proteins and subcellular structures once
these are identified. Restriction of the effects of such agents
to injured tissue may be the biggest challenge to their devel-
opment. Free radical generation could be limited by treat-
ment with free radical scavengers during CPR and for some
time after return of spontaneous circulation to prevent the

functional and electrophysiologic consequences of their
formation.

Conclusions

Cardiac arrest and CPR constitute a setting in which reper-
fusion injury in its various forms may occur. Almost nothing
is directly known about myocardial reperfusion injury in
this circumstance, because studies to date have been
designed to model other clinical settings, such as cardiopul-
monary bypass or myocardial infarction treated with
thrombolytics. Nevertheless, knowledge gained from these
models can be applied to cardiac arrest and CPR to specu-
late on how reperfusion injury might occur in this setting.
Recognition of the potentially critical role that reperfusion
injury may play in the course and outcome of cardiac arrest
and CPR will, it is hoped, stimulate research in an area that
has remained largely unexplored. Until then our specula-
tions, although perhaps at a level just above “mere prattle,”
remain “without practice.”
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During CPR, therapy focuses primarily on restarting the
arrested heart and ensuring cerebral perfusion. For the
splanchnic and renal circulation, the period of CPR repre-
sents a time of very low perfusion. When vasopressors are
given during CPR in order to increase vital organ perfusion,
splanchnic and renal blood flow may come close to zero.1,2

Negovsky3 and Safar4 have long maintained that self-
intoxication from visceral organ ischemia as a result of
cardiac arrest delays or prevents full neurologic recovery
and may be a secondary cause of neuronal injury.
Nevertheless, the effects of visceral organ ischemia and
reperfusion (I/R) on the postresucitation syndrome, which
is characterized by a systemic inflammatory response
similar to that observed in other systemic inflammatory
conditions such as sepsis,5 are not fully understood.

In the non-cardiac arrest setting, the two major directions
of research on visceral organ ischemia are the contribution
of individual visceral organs to development of secondary
organ dysfunction and multiple organ failure; and studies of
visceral organ injury, surgery, or transplant-ation resulting
in or requiring ischemia. This chapter reviews the mecha-
nisms of ischemia and reperfusion injury of the visceral
organs; puts them in the context of cardiac arrest, the period
of resuscitation (CPR), and the postresuscitation period;
and considers how visceral organ ischemia may contribute
to the postresuscitation syndrome.

Splanchnic circulation

Splanchnic circulation refers to the vasculature that brings
blood to and from the major abdominal organs including
the liver, spleen, stomach, pancreas, and small and large

intestine. The splanchnic vascular system is regarded as
the major blood reservoir containing 20% to 40% of total
blood volume, and making the splanchnic circulation the
primary source for mobilizing blood during critical situ-
ations. While transient reduction of splanchnic perfusion
may be life-saving under certain circumstances, splanch-
nic hypoperfusion may contribute to the pathogenesis of
systemic inflammation and multiple organ dysfunction
via several mechanisms, including I/R injury, increased
mucosal permeability for endotoxins and bacteria, and
activation of inflammatory mediators.6

Regardless of the organ studied, all organs share a similar
complex response to oxygen deprivation from I/R. The
relative contribution of ischemia versus reperfusion to the
final injury is an area of great debate and is probably
related to the period of initial ischemia.7 If the ischemic
insult is not severe enough to cause massive cell death
resulting in organ failure, several mechanisms of injury are
postulated to exist during the period of reperfusion that
contribute to further damage.8–11. These involve complex
molecular, neural, hormonal, and immunologic responses
that cause secondary ischemic damage not only to the
involved organ itself, but also to other organ systems
(Fig. 15.1). The degree of contribution of each of these
mechanisms is unknown and likely varies among organs.

Intestines

The mesenteric circulation receives 10% to 15% of the body’s
normal cardiac output, which provides a resting intestinal
blood flow ranging between 50 and 70 ml/min/ 100 g of
tissue.12 The mucosal and submucosal layers receive about
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70% of this flow, and the muscularis and submucosal layers
receive the rest.12 Regulation of mesenteric flow is complex:
beside metabolic and myogenic control, intricate neural
and hormonal factors affect flow.13 Activation of both neural
and systemic circulating humoral vasoconstrictors results in
disproportionate vasoconstriction of the splanchnic vascu-
lar bed, which, although helping to redistribute blood to the
heart, brain, and kidneys, causes selective splanchnic
ischemia itself.14,15 Table 15.1 lists a number of these agents.

Of particular interest are the vasoactive peptides vasop-
ressin and angiotensin II. Vasopressin primarily affects
the splanchnic resistance vasculature, with the response
being disproportionately greater than that of the systemic
vasculature.14,15 Receptors for the potent vasoconstrictor
angiotensin II exist on splanchnic vascular smooth muscle.
The splanchnic circulation is hypersensitive to non-
pharmacologic levels of angiotensin II compared to the
rest of the circulation,12, 13 as demonstrated by studies of
shock.14, 15

The main findings from studies of intestinal ischemia are
more easily interpreted if the severity and duration of the
insult to the intestine are known. Studies have revealed
that oxygen extraction is maintained when flow is
kept above a critical level (about 25 ml/min/per 100 g
tissue).16, 17. Because of compensatory mechanisms, even
2-hour reductions in flow result in little or no detectable
injury as long as O2 consumption is maintained above 50%
of normal.17 When ischemic damage occurs, it begins at the
villous layer of the mucosa. For any given reduction in
blood flow, mucosal hypoxia is amplified because of the
countercurrent exchange of oxygen at the base of the villus.
This mechanism results in the villous base remaining oxy-
genated at the expense of the tip of the villus.16, 18

Few studies have examined the response of high-energy
phosphates to levels of I/R and correlated them with
degree of histologic damage. One study with phosphorus
31 (31P) magnetic resonance spectroscopy reported com-
plete loss of phosphocreatine and adenosine triphosphate
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(ATP) after 20 minutes of ischemia, with significant recov-
ery after 60 minutes of reperfusion.19 In contrast, direct
biopsies revealed that complete ischemia reduced ATP
levels to 40% of baseline after 30 minutes, with no further
depletion even after 120 minutes.20 The reasons for these
discrepancies are unclear. The exact role of high-energy
phosphate depletion in the final amount of tissue damage
remains to be elucidated. Since studies show histologic
damage within 10 minutes of ischemia and that damage is
reversible after 60 minutes of complete ischemia, this sug-
gests that high-energy phosphate loss is only one of many
factors contributing to I/R injury.16

As with other organs, it is likely that further damage to
the intestine is caused after return of blood flow and that

this injury is affected, at least in part, by generation of
oxygen free radicals. Nevertheless, the functional import-
ance of the injury that occurs during reperfusion is
unclear. If ischemia times are 1 hour or more, injury from
the initial insult may be so severe that no further exacerba-
tion can occur.18 There appears to be a window of time
during which reperfusion contributes to total organ
damage (Fig. 15.2).

Much attention has been given to the role of xanthine
oxidase in I/R injury of the intestine. The intestinal mucosa
is one of the richest sources of its precursor, xanthine dehy-
drogenase.9 There is no doubt that the oxidase can produce
toxic free radical species, but it is unclear if these species
directly harm the cell. Rather, the enzyme and the free
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Table 15.1. Effects of vasoconstrictor agents on splanchnic circulation

Agent Dose Action* Significance

Autonomic nervous system

Sympathomimetics Mediates non-selective arteriolar 

vasoconstriction

Norepinephrine 0.01-1.0 �g/kg/min 1 Mediates ambient arteriolar tone 

Epinephrine 0.1-1.0 �g 1 (does not mediate selective vasoconstriction)

Dopamine 5-20 �g/kg/min 1 Mediates postcapillary venous vasconstriction

Sympatholytics (propranolol) 0.1 �g/kg bolus 2 Blocks ambient �-vasodilator tone

Parasympatholytics (atropine) 50 �g/kg bolus 2 Blocks ambient cholinergic vasodilator tone

Parasympathomimetics

Physostigmine 0.15-0.9 �g/kg/min 2 Blood flow reduction 2% to muscular contraction

Vasoconstrictor peptides

Vasopressin 0.7-50 mU/kg 1 Potent, selective, important to shock

Angiotensin II 0.01-0.05 �g/kg/min 1 Very potent, highly selective, primary mediator of 

vasoconstriction selective splanchnic

Gastrointestinal polypeptides

Vasoactive intestinal peptide 1.75-175 ng/min ?2 Many act via renin release

Glucagon 50 �g/kg/hr ? Usually a dilator; may act as a constrictor

Miscellaneous peptides

Prolactin 0.6 �g/hr ? Unknown

Thyrotropin releasing hormone 2 mg/kg ? Unknown

Arachidonic acid metabolites

Prostaglandin F2a 12.5-50 �g/min 1 Potent, selective

Prostaglandin B2 12.5-50 �g/min 1 Selective

Prostaglandin D2 0.1-0.3 �g bolus 1 Selective

Thromboxane (U46619) 0.01-0.1 �g bolus, i.a. ? Selective

Leukotrienes C4 and D4 0.3-3.0 �g bolus, i.a. ? Selective

Indomethacin 8 mg/kg bolus 2 Blocks ambient vasodilator tone

Aspirin 100 mg/kg bolus 2 Effect caused by prostaglandins

Meclofenamate 2$$

Digitalis glycosides

Ouabain 5 �g/min 1 Potent, selective

Digoxin 50 �g/kg bolus 1 Role in non-occlusive mesenteric ischemia

Serotinin 30-100 �g/kg/min ?1 Unknown

From Reilly, P.M., Bulkley, G.B. Vasoactive mediators and splanchnic perfusion. Crit. Care Med. 1993; 21(2): S60.

* 1, primary; 2, secondary.



radicals it produces may act mainly as chemotoxins in
recruiting polymorphonuclear white blood cells (PMNs)
that promote the major portion of free radical damage
(Fig.15.3).9 Studies reveal that intestinal xanthine dehydro-
genase is converted to the oxidase between 1 and 120
minutes of intestinal ischemia.9, 21 Administration of allo-
purinol prevents reperfusion injury when given before
ischemia or when reperfusion is initiated.9,10 It was assumed
that allopurinol acts by competitively inhibiting xanthine
oxidase. Nevertheless, some studies indicate that allopuri-
nol may reduce damage by acting as a free radical scavenger
itself or by stabilizing mitochondrial membranes.22

Although lipid peroxidation by free radicals is implicated
as a cause of intestinal I/R injury, it is unclear if its inhibi-
tion will prevent injury to the intestinal mucosa. In rats
treated with U74389F no decrease in mucosal damage was
detected.9, 22, 23

The role of the PMN is currently under investigation as a
cause not only of injury to the intestine itself during I/R, but
also of subsequent injury to distant organs.24 PMNs are
capable of producing free radicals as well as proteolytic
enzymes, such as elastase, in the intestine in response to
I/R. What triggers this response of PMNs already in the
intestine and subsequent sequestration of additional
PMNs from the systemic circulation is unclear. Free radicals
produced by xanthine oxidase and lipid peroxidation as

well as substances produced by phospholipase A2 may act
as potent chemoattractants and chemoactivators of
PMNs.9,25 This influx of PMNs and release of their toxins
increase microvascular permeability and dysfunction of
the mucosal barrier of the intestine.11,25, 26 The mechanisms
underlying PMN adhesion in the intestine are unknown but
may involve complement and the selectin family of glyco-
proteins. Antagonism of PMN elastase with secretory
leukocyte protease inhibitor (SLPI) and inhibition of acti-
vation and adhesion with IL-1ra and tumor necrosis factor
(TNF) binding protein do not prevent local intestinal injury
after 60 minutes of ischemia and 4 hours of reperfusion.25

Activation of phospholipase A2 in the ischemic intestine
may also cause reperfusion injury.9 When inhibitors of this
enzyme, such as quinacrine and hydrocortisone, are used,
some studies showed decreased damage and others
showed no change.23

The role of nitric oxide (NO) in I/R injury of the intestine
is also unclear. Exogenous sources of NO, such as nitro-
prusside and L-arginine, are found to reduce I/R-induced
intestinal permeability. This occurs even though NO does
not increase intestinal blood flow. NO may counter super-
oxide and reduce PMN-mediated injury.27

Toxic factors in the lumen are also implicated in causing
intestinal injury during ischemia.28 Hydrochloric acid, bile
salts, proteases, and lipases normally secreted during
digestion are likely to induce further injury to the mucosa.
Studies in which the pancreatic duct is ligated or protease
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inhibitors are administered intraluminally showed reduced
injury to the intestine during ischemia.28

Bacterial overgrowth is commonly observed in states of
ischemia. Under normal conditions several mechanisms
keep more than 500 species of bacteria in the intestinal
tract and not in the systemic circulation.29 These mecha-
nisms include the resident mesenteric lymph nodes and
PMNs in the intestine, as well as the Kupffer cell system of
the liver and the alveolar macrophage system of the
lungs.29,30 The mechanisms operate in series, and thus
there are several opportunities to remove intestinal toxins
before they reach the systemic circulation. Both aerobic
and anaerobic species are capable of producing various
toxins, with the majority of gastrointestinal infections
caused by aerobic organisms. Enterobacteriaceae organ-
isms release the endotoxin lipopolysaccharide, which can
produce profound local and systemic effects. Despite
normal defenses, intestinal ischemia is known to promote
translocation of bacteria and endotoxin from the intestine
to the systemic circulation.29,31 Endotoxin can also be
recovered in the peritoneal cavity, suggesting an additional
mechanism of translocation. It is thought that in the early
stages of ischemia, intestinal permeability increases,
which allows molecules such as endotoxin (but not bacte-
ria) to leak into the peritoneal cavity. Such endotoxins
potentiate translocation of intestinal bacteria into mesen-
teric lymph nodes, which results in increasing levels of cir-
culating endotoxin. These levels further raise the rate of

bacterial translocation into mesenteric lymph nodes,
because they are potent activators of inflammation, which
increases permeability. Endotoxin also stimulates macro-
phage-released cytokines. This activates PMNs to adhere
to endothelium and by diapedesis and phagocytosis to
detroy bacteria by lysosomal production of free radicals
and non-oxidative enzymes.

The exact role of endotoxin in PMN priming is not known;
indeed, it may not be needed.32 Free radical production is
usually counteracted by the scavenger superoxide dismu-
tase (SOD) also produced by the PMN. Although this usually
occurs only intracellularly at the infection site, when
massive and persistent endotoxemia persists, free radical
production overcomes SOD protection.30 This in turn leads
to an out of control inflammatory response in multiple
organs and finally to tissue destruction and dysfunction. In
the intestines, increased destruction of the mucosal barrier
evolves,29–31 which facilitates escape of bacteria directly
through the damaged mucosa and through the portal vein
into the liver. Injury caused by toxins, bacteria, and pro-
teases may well depend on the extent and duration of the
ischemic period. This general theory is outlined in Fig. 15.4.

Although the effects of intestinal ischemia of sufficient
duration will obviously be most prominent in the intestine
itself, extraintestinal consequences of such ischemia are
now recognized. Ischemia insufficient to cause transmural
intestinal infarction can nevertheless be devastating to
other organ systems. Once the mucosal barrier is compro-
mised, portal and systemic absorption of bacteria, endotox-
ins, digestive enzymes, and inflammatory mediators may
take place, which is thought to be a major inciting factor
leading to the systemic inflammatory response syndrome
and multiple organ system dysfunction and failure. The
intestines are now thought to serve as the “motor” for mul-
tiorgan dysfunction and failure in many forms of shock.33

Hepatic injury following intestinal I/R is characterized by
acute increases in serum hepatocellular enzymes, reduc-
tion of bile flow, and PMN sequestration. After 120 minutes
of intestinal ischemia followed by 60 minutes of reperfu-
sion, hepatocytes are exposed to oxidant stress as demon-
strated by increased levels of oxidized glutathione.34

Nevertheless, lipid peroxidation products do not increase
significantly despite increases in the number of PMNs, sug-
gesting that hepatocellular injury is reversible in this
setting. Moreover, sufficient intestinal I/R induces TNF and
IL-1 production by the hepatic Kupffer system, which in
turn activates various other mediators and PMNs.25

Hepatocellular injury can be ameliorated by administering
various free radical scavengers such as SOD and catalase.
Rendering animals neutropenic or administering agents
that inhibit activation and adhesion of PMNs as well as
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secretion of PMN elastase also decreases intestinal I/R-pro-
duced hepatocellular damage. I/R of the intestine also
impairs Kupffer cell function, which enhances the toxicity
of translocated endotoxin and bacteria.35

Intestinal I/R also appears to be very damaging to the
pulmonary system by similar mechanisms. Circulating
xanthine oxidase from the ischemic intestine has been
shown to mediate sequestration of PMNs in the lung after
intestinal I/R. Treatment with allopurinol decreases the
level of circulating enzyme and results in decreases in
pulmonary PMNs.36,37 In addition, elevated levels of
cytokines, eicosanoids, and other inflammatory mediators
act as potent chemoattractants for PMNs. Neutropenia
before intestinal I/R and treatment with SOD, catalase
(CAT), SLPI, IL-1ra, and TNFbp reduce pulmonary capil-
lary leak.11,25,38 With the exception of TNFbp these treat-
ments also reduce the level of PMN sequestration in the
lungs. ATP levels in pulmonary endothelium were reduced
when cells were incubated with plasma from reperfused
ischemic intestine, but the mechanism is currently
unknown. The time of peak ATP depletion correlates with
the known time sequence of peak procoagulant activity,
cytokine synthesis and release, and expression of the adhe-
sion molecules.39 The role of endotoxin in lung injury is
unclear, but the effect may be indirect.40

Cardiac contractile dysfunction has also been demon-
strated after periods of intestinal ischemia for only 20
minutes and reperfusion for 2 hours.41,42 Left ventricular
pressure is decreased, together with a right-ward shift in the
left ventricular function curve and decreased responsive-
ness to Ca2� perfusate. Allopurinol given before I/R
prevents this dysfunction, providing evidence that free rad-
icals played some role.43 Prior treatment with pen-
toxifylline, which decreases PMN adhesion, also prevents
dysfunction.43

Different end points have been used as a measure of
intestinal ischemia, ranging from morphologic changes to
functional changes in mucosal and capillary permeability.
One hour of local hypotension (30 to 40 mm Hg) with blood
flows of 5 to 15 ml/min/100 g tissue followed by 1 hour of
reperfusion results in increases in capillary perfusion but
no histologic damage even in the superficial mucosa.10,16,44

With complete ischemia for 1 to 4 hours and 30 minutes
of reperfusion, the degree of mucosal permeability and
villous damage is proportional to the time of ischemia.
Free radical scavengers given before treatment apparently
fail to prevent the injury, which suggests that under these
conditions the majority of injuries are not caused by reper-
fusion. Prolonged hypoperfusion with perfusion pressures
of 25 to 35 mm Hg without reperfusion, however, causes
villous tip necrosis, which is exacerbated by reperfusion at

normal flows and can be prevented to a large degree by free
radical scavengers.45 In an in vivo perfusion model, Chiu
et al. demonstrated that although complete vascular
occlusion for 1 hour produced total destruction of villi, it
took 4 hours of perfusion at 5 ml/min/kg to produce the
same findings. Perfusion at 15 ml/min per kg for 4 hours
produced no demonstrable histologic changes.44 Rats sub-
jected to intestinal strangulation showed transmucosal
necrosis after 4 hours. The viability of the muscularis was
largely preserved with antibiotics and fluids. This integrity
of the bowel wall was largely maintained, and the mucosa
eventually regenerated.46,47

In summary, the degree of injury appears to be related in
large part to the duration and completeness of the initial
ischemic insult. Complete occlusion produces the most
rapid injury, from increased permeability at 30 minutes to
complete loss of villi at 60 minutes to transmucosal necrosis
and infarction at 4 hours. After complete ischemia of 1 hour,
administration of free radical scavengers is not effective,
indicating a window of therapeutic effectiveness.47

The recovery of intestinal mucosa after an ischemic
injury is remarkable. After 45 to 60 minutes of complete
ischemia, variable mucosal repair occurs within 3 hours of
reperfusion, with only rare defects remaining at 24 hours.
At 90 minutes of ischemia, mucosal repair at 18 hours is
complete. No visual histologic difference from controls
exists. Mucosal reconstitution takes place by migration of
nearby mucosal cells to cover mucosal defects.16,44,46,47

Liver

Blood flow to the liver is supplied by the hepatic arteries
and portal vein. The liver is probably susceptible to
ischemic injury in part because 70% of its blood is supplied
by venous effluent from the gut via the portal system. The
liver contains 25 to 30 ml of blood per 100 g of tissue and,
therefore, 14% of the total blood volume.35 In shock, paral-
lel drops in both arterial and venous portal flow occur,
which probably reflect selective vasoconstriction of both
the hepatic and mesenteric arterial vasculature mediated
largely by an increase in sensitivity to angiotensin II.

Damage to the liver parenchyma is a combination of
ischemic hypoxia, free radicals, lipid peroxidation, and
inflammatory mediated injury if reperfusion is restored
within certain time limits. The effects of these events on
such responses as production of heat shock protein and
programmed cell death are being vigorously studied.11

During complete ischemia, ATP levels drop to 25% of
normal within the first 10 minutes. After 60 minutes of
ischemia, ATP levels are decreased to 5% of control with no
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further decrease to 120 minutes, at which time the total
adenine pool has decreased to 22% of control, and lactate
levels reach 20 times control values. After 15 minutes of
ischemia, followed by 120 minutes of reperfusion, ATP and
lactate levels return to normal. After 60 minutes of
ischemia, lactate levels are normalized after 120 minutes of
reperfusion, but ATP levels are not completely restored.
After 120 minutes of ischemia and 120 minutes of reperfu-
sion, lactate levels decrease but do not normalize, and ATP
levels only increase to 17% of control values.48, 49

The role of Ca2� in I/R hepatic injury has been clearly
demonstrated by marked reductions in hepatic I/R damage
after administration of various Ca2� channel blockers such
as verapamil and diltiazem during warm I/R.50 The exact
mechanisms for this are unknown but probably involve a
combination of blocking of Ca2� channels that leads to a
reduction in protease activation and free radical production,
and to vasodilatory effects that improve reperfusion flow.

Large contributions to liver I/R injury are thought to be
made by free radicals produced within the liver itself from
hepatocytes, Kupffer cells, neutrophils, and the endothe-
lium. Regardless of the source, evidence that free radicals
cause damage is in part based on observations that glu-
tathione (GSH), which is particularly abundant in the liver,
is reduced during I/R. If GSH is experimentally depleted
before I/R, hepatic damage is greatly exacerbated and
products of lipid peroxidation are increased.51

In common with other organs, the molecular source of
these free radicals has been debated. With loss of ATP during
ischemia, these free radicals are thought to be produced
from the activity of xanthine oxidase, although the rate of
xanthine dehydrogenase conversion to the oxidase varies.
In one study, up to 60 minutes of ischemia was necessary for
conversion of 50% of the dehydrogenase to the oxidase.52

Other investigators have found even smaller rates of con-
version, raising the question of the importance of xanthine
oxidase as a cause of hepatic cellular injury.53 If indeed xan-
thine oxidase is produced in the liver and released, it might
cause system injury by contributing to local PMN-induced
injury and injury to distant organs.9,10,36 Regardless of the
source, administration of various free radical scavengers
such as SOD and �-tocopherol decreases I/R hepatic
damage, giving additional evidence that these reactive
oxygen species are responsible in part for some of the
hepatic damage and dysfunction caused by I/R.54

Lipid peroxidation occurs in the liver in response to I/R,
as demonstrated by increases in products of lipid peroxida-
tion.55 These changes are ameliorated by administration of
substances known to reduce lipid peroxidation such as
�-tocopherol.55 The total contribution of lipid peroxidation
to the final damage is unknown.

PMNs, Kupffer cells, and the inflammatory mediator
eicosanoids, peptide cytokines, platelet activating factor
(PAF), and complement all appear to play a major role in
hepatic I/R injury and are intricately related.56,57 It is
unclear whether they cause injury to the hepatocyte
directly or via microcirculatory damage. It appears that
I/R primes Kupffer cell-induced oxidant stress and also
primes Kupffer cells and PMNs for increased production
of oxygen free radicals by activation of the complement
system.57 PMN infiltration and adhesion in the liver also
are apparently mediated by the complement system
rather than the CD-18 mechanism since blockade of CD-
18 receptor does not result in decreased neutrophil adhe-
sion.58 Complement depletion results in significantly
fewer hepatic PMNs during I/R.57 Superoxide radicals
produced during I/R have also been shown to be respon-
sible for PMN accumulation.56 The damage done by
PMNs in the liver is likely due to a combination of free
radical and protease production and plugging of the
microvasculature.59

PAF produced by Kupffer cells during I/R appears to
be responsible for much of the late-phase hepatocellu-
lar damage by its ability to attract and activate PMNs.
Endotoxin from intestinal I/R is thought to have a similar
effect.60

Peptide cytokines, probably produced by I/R-activated
Kupffer cells, are also likely to play a role in hepatic I/R
injury. After 60 minutes of ischemia followed by reperfu-
sion, TNF was produced and reached peak levels after 30
minutes. IL-6 was also detected, independent of TNF.
Administration of TNF antiserum decreased hepatic
damage from I/R.61 TNF is known to cause production of
PAF by Kupffer cells. The presence of endotoxin is not ne-
cessary for production of liver TNF. 61

Irrespective of the degree of damage imposed by the
above mechanisms, all affect the microcirculation. Whereas
60 minutes of flow-controlled reperfusion significantly
reduces hepatocellular damage, pressure-controlled reper-
fusion causes massive cell death. By microscopic visu-
alization, fewer sinusoids conducted flow during the
pressure-controlled method, which depends entirely on
intrahepatic vascular resistance. Thus reperfusion injury
may simply represent more ongoing ischemia.59

The function of the reticular endothelium system is also
greatly affected by ischemic injury; in the liver, hypoxia
and acidosis can reduce clearance by this system by 20%
to 25%.35 This is important because the liver clears the
portal vein, which drains the intestines. Since velocity of
blood flow and tissue perfusion are inversely related to
reticular endothelial system function, some injury other
than hypoperfusion is at least partially responsible for
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its dysfunction. Depression of the reticular endothelial
system in hepatic ischemia is probably multifactorial.
Epinephrine, norepinephrine, angiotensin II, vasopressin,
and cholinergic and histamine antagonists all decrease
the phagocytic function of the system. Hepatic ischemia
itself, depletion of opsonic glycoprotein fibronectin, and
release of a reticular endothelial system depressant factor
from other splanchnic sites have also been implicated.35

I/R injury to the liver is also thought to effect injury to
distant organs, including the lung and heart. Several models
have demonstrated that I/R of the liver itself of 60 minutes’
duration can produce cardiac dysfunction,60 possibly by
mechanisms similar to those of the intestine. The lungs are
also damaged by hepatic I/R injury, and this damage is likely
to be mediated through PMN activation by a variety of
mechanisms, such as production of TNF and PAF. 62,63

The exact limits of hepatic ischemia are unknown and
probably depend on whether other organ systems are con-
comitantly injured. In isolated hepatic ischemia of 30
minutes followed by reperfusion, no hepatic cell necrosis is
detected at 24 hours. If ischemia is extended to 60 and 90
minutes, focal necrosis is seen, but the majority of the
hepatocytes are intact. After 2 to 3 hours of complete
ischemia, more than two-thirds of the liver is necrotic at 24
hours.35,59 Hepatic parenchymal cells can regenerate via
mitosis if not severely damaged.35

Pancreas

The mechanism of pancreatic I/R is much less clear than
that of the intestines, liver, and kidney. As an exocrine and
endocrine organ, even the structure of its microcirculation
is controversial. The pancreas comprises about 98% acini
by weight, which receive up to 90% of blood flow, whereas
the remaining 10% of flow is directed to the islet system.
The magnitude of total pancreatic flow (40 to 120 ml/min
per 100 g tissue) is similar to that of the other splanchnic
organs.35,63 Blood flow and oxygen consumption of the
pancreas are under complex neurohormonal control:
blood flow can be severely reduced with vasoactive agents
such as epinephrine, norepinephrine, dopamine, vaso-
pressin, and angiotensin II.13

In models of hemorrhagic and endotoxic shock, the pan-
creas becomes disproportionately hypoperfused compared
to other splanchnic organs, but it appears to be quite
resistant to isolated ischemia per se for up to 1 hour.
Hypoperfusion to 20% of control values appears to be toler-
ated,63 probably because the pancreas can increase oxygen
extraction by metabolic and myogenic autoregulation.35

States of hypoperfusion that affect multiple organ systems

appear to place the pancreas at greater risk for ischemia,
possibly by activation of the renin-angiotensin system.13

Nevertheless, ischemic pancreatitis is not usually included
in the picture of multiorgan failure.

The exact mechanisms whereby ischemia produces pan-
creatic injury and the part played by reperfusion injury are
unclear. Among multiple etiologies suggested as causing
ischemic pancreatitis are trauma, hypovolemia, splanch-
nic vasoconstriction, and hypercalcemia.35 Intracellular
release of lysosomal enzymes and zymogen hydrolases
may speed up necrosis. Perfusion of the isolated pancreas
with a perfusate high in amylase after a period of ischemia
exacerbates damage.35,63 Some involvement of free radicals
in the I/R process is suggested by studies showing a
decrease in I/R damage by administration of allopurinol.35

Pancreatic proteases are known to be capable of convert-
ing xanthine dehydrogenase to its oxidase form. Protease
inhibitors such as �1-antitrypsin are probably over-
whelmed during periods of ischemia when significant
leakage from damaged cell membranes occurs. Other
factors, such as TNF, may increase pancreatic edema.35

There appears to be little doubt that, regardless of the
mechanisms, the microcirculation is adversely affected.
Studies reveal better pancreatic function and less damage
by optimizing the rheologic properties of the blood by
hemodilution with agents such as dextran 62, thereby
enhancing oxygen delivery to the pancreas.64

I/R damage to the pancreas likely affects distant organ
systems such as the heart and lung in a manner similar to
other visceral organs. Of particular interest is the release
of a myocardial depressant factor that is thought to be
produced from a compartmentalized protein by cathep-
sins. Zymogen granules and lysosomes are thought to
release trypsin and cathepsins in response to hypoxia; in
turn, trypsin activity promotes phospholipase A, causing
further release of cathepsins. This myocardial depressant
factor appears to compromise cardiac output, which
further jeopardizes subsequent perfusion to the visceral
organs.35,65

Kidney

Partial or complete I/R can disrupt the homeostatic and
excretory function of the kidney. Much debate exists on the
extent to which components of vascular changes, tubular
obstruction, and tubular cell death and necrosis itself
cause ischemic renal failure.48

As renal perfusion is decreased, blood flow shifts from the
outer cortical nephrons to the medullary nephrons. The
renal cortex depends primarily on aerobic metabolism with
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ketones, lactate, fatty acids, and glutamine as its primary
fuel. The renal medulla, however, has a small amount of O2-
independent glycolysis,48 as illustrated by the finding that
renal cortical ATP levels fall by 65% to 75% within several
minutes, whereas medullary ATP levels fall by 19% to 33%
in the same period. Lactate increases up to 3.7-fold in the
cortex, whereas it increases by up to 8.3% in the medulla,
demonstrating the greater capacity of the medulla for
anaerobic glycolysis.48 Overall, during complete renal
ischemia, ATP levels decrease to between 20% and 50% of
control after 10 minutes but decline more slowly thereafter
to between 13% and 30% of control after 40 minutes.

Review of the transplant literature indicates that the
kidney may function normally after 60 minutes of warm
ischemia followed by an additional 72 hours of cold
ischemia. On final reperfusion, ATP levels are regenerated
to various degrees, but these levels do not correlate closely
with the total ischemic time. Consequently ATP content or
adenylate charge itself at the end of the ischemic period
has not been found to correlate with ultimate recovery of
renal function. The ability to use ATP in critical functions
after the ischemic period may be a more important indica-
tor of post-I/R function.66

Mitochondrial swelling occurs at rates correlating with
durations of ischemia up to 120 minutes and is attributable
to increases in permeability of the inner mitochondrial
membrane to electrolytes. It is reversible if ATP is added.
After 2 to 4 hours of warm ischemia, however, swelling is
not reversible, possibly because alterations in the phos-
pholipid membrane increase the level of free fatty acids in
mitochondria and inhibit electron transport.48

With loss of volume regulation by ongoing ATP deple-
tion of the ischemic cell, free cytosolic Ca2� is elevated
from both extracellular and intracellular sources such
as the mitochondria, and increased Ca2� activates phos-
pholipases and proteases that are involved in free radical
production. Many models have shown improved renal
tolerance and function to ischemia when calcium
channel blockers are added before the ischemic insult or
on reperfusion.48

With several exceptions, many studies have indicated
that after 30 minutes of ischemia, xanthine dehydrogenase
is converted to the oxidase in the kidney and during reper-
fusion as a result of sulfhydryl oxidation and Ca2�-induced
proteolysis and that the oxidase is an important source of
the superoxide free radical.67 The proximal tubular cells, as
well as the endothelial cells, are a major source of oxidase-
derived free radicals.68 Administration of allopurinol
confers protection presumably by inhibiting xanthine
oxidase activity, although this has not been conclusively

proven since allopurinol itself is a free radical scavenger.69

Further, allopurinol is relatively insoluble at physiologic
pH, raising doubts whether it has access to the xanthine
oxidase in cells.69

On the basis of observations that inhibition by catalase
and glutathione peroxidase causes larger increases in
hydrogen peroxide production and reduced function in I/R
of renal cells, it is thought that other radicals such as
the hydroxyl radical also promote reperfusion injury.68,70

Further, iron chelators such as deferoxamine have been
shown to be protective, presumably by preventing hydroxyl
radical formation by the Harber–Weiss reaction68,70 The
amount of damage caused by free radical–induced lipid
peroxidation is unclear, but damage is decreased and func-
tion improved by administration of the 21-aminosteroid
U74006F during reperfusion after 45 minutes of ischemia.71

The role of the PMN in renal I/R damage is less clear than
that in the intestine and liver. PMNs can perturb the micro-
circulation by their adherence to endothelial cells and
accumulation in the ascending vasa recta in the outer and
inner medullas.68,72 The addition of PMNs during perfusion
of an isolated kidney after ischemia worsens functional
and histologic injury. It appears, however, that these PMNs
may require “priming” by such substances as lipopolysac-
charide, phorbol myristate acetate, PAF, TNF, and inter-
leukins. These primed PMNs may then be fully activated in
the ischemic kidney by release of chemotactic phospho-
lipid or other products of phospholipases, including
leukotrienes or prostaglandins, that are released by the
injured renal cell. Once activated, PMNs then may release
free radicals, elastases, and other harmful substances that
have been shown to cause significant degradation of the
glomerular basement membrane. Nevertheless, some acti-
vation of unprimed PMNs within the renal parenchyma is
likely to occur. These mechanisms may account in part for
the high incidence of renal failure in the setting of relatively
mild renal hypoperfusion.72

Phospholipase A2 activity has been studied in the setting
of renal I/R. Mitochondrial and microsomal phospholi-
pase A2 activity increases during ischemia, but cytosolic
phospholipase A2 does not. With reperfusion, phospholi-
pase A2 activity increases in all fractions. Since mitochon-
drial membranes are composed of 65% unsaturated fatty
acids, they are good targets for phospholipase A2..

73

How all of these mechanisms affect glomerular hemo-
dynamics is controversial. Production of eicosanoids by
free radicals likely plays a role. PGE2, PGF2�

, 6-keto-PGF1�
,

and TXB2 are produced by renal cells in response to
exposure to free radicals and phospholipase A2 activity
resulting from Ca2� influx.74 In addition, a newly reported
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non-cyclooxygenase–produced prostaglandin, 8-epi-
PGF2�

, has been detected after I/R in the kidney.74 These
substances may increase arteriolar resistance, with result-
ing decreases in glomerular ultrafiltration. Although PGI2

has hemodynamic effects opposite to TXB2, increases in
PGI2 and PGE2 may cause increases in cyclic adeno-
sine monophosphate (cAMP) within the cells of the
glomeruli.75 This in turn may stimulate renin synthesis,
with local formation of angiotensin and resultant
extended renal hypoperfusion, long after the initial insult.
Of interest, administration of atrial natriuretic factor
(ANF) may increase PGI2, thus altering the TXB2:PGI2 ratio
to favor vasodilation rather than constriction.76

The role of NO in renal I/R is unclear. Whereas some
authors have shown that it contributes to sustained
ischemic renal failure and increases PAF, others think that it
may have a protective effect by reducing vasoconstriction.68

Although evidence for reperfusion injury appears to
be overwhelming, one model has demonstrated that
ischemia with intermittent reperfusion actually reduces
renal functional and morphologic damage.77

The role of the cytokines TNF and IL-1 that are increased
after I/R of the kidneys is not fully understood, but they are
likely to worsen function by augmenting both production
of cyclooxygenase-mediated products and PAF and PMN
adhesion. They seem to have a greater effect when renal I/R
is accompanied by additional concurrent organ I/R.
Administration of the immunosuppressant FK 506 before
I/R reduces TNF and renal damage by an as yet unknown
mechanism.78 It is likely that a combination of humoral-
mediated vasoconstriction, mechanical obstruction by vas-
cular congestion (erythrocytes and PMNs), and endothelial
and tubule cell swelling (by Ca2� and free radical damage)
is responsible for the observed low or no-flow phenomena
in the kidney after I/R.79

Adrenal glands

Virtually no work has been performed on the mechanisms
of adrenal I/R. Adrenal dysfunction can lead to cardiovas-
cular collapse refractory to conventional treatments and
also to electrolyte imbalances.80,81 Cortisol and cate-
cholamines act synergistically to augment vascular tone
and myocardial contractility.80,81 The majority of shock
states produce increased levels of circulating cortisol, thus
demonstrating an intact hypothalamic–pituitary–adrenal
axis.82 Circulating catecholamines are also increased,
which likely represents an outpouring from the adrenal
gland.82 Apparently adrenal failure caused by various

forms of shock is rare, possibly because the adrenal gland
can preserve flow to itself secondary to the local action of
adrenergic receptors and endogenous catecholamines on
its vasculature.83 When I/R damage occurs, it probably
shares previously discussed mechanisms of damage.

Visceral organ ischemia in the context of cardiac
arrest

Under the conditions of low systemic perfusion, blood flow
to vital organs is maintained at the expense of the perfusion
of visceral organs.84–89 Despite a large capacity to increase
oxygen extraction,90 prolonged splanchnic ischemia results
in increased mucosal permeability91 and finally in tissue
damage and necrosis. Increased mucosal permeability
allows endotoxin and other bacterial products to pass
through the gut wall into lymphatic and systemic circula-
tion92–94 and to cause injury to distant organs.95 Multiple
organ failure and death have been associated with such
changes.96, 97 Thus, long term survival after cardiac arrest is
determined not only by the duration of circulatory arrest,
but also by the ability to ensure adequate organ perfusion
during CPR as well as during the postresuscitation phase.

While individual visceral organs can tolerate complete
ischemia of 1 hour, in CPR models, the time from actual
arrest to the time of beginning CPR ranges from beginning
resuscitation immediately after arrest up to waiting 20
minutes thereafter.98 Typical downtimes for models of pre-
hospital cardiac arrest range from 7 to 13 minutes. The
actual time of resuscitation to the point of return of spon-
taneous circulation (ROSC) also varies with the particular
model, but the maximum time of no flow (downtime) and
low flow (CPR) rarely exceeds 20 minutes before ROSC.
Most models of CPR are studied within this time period in
order to assess (a) the effects of a particular drug or CPR
technique on cerebral and myocardial perfusion pressures
and blood flow, (b) the rates of ROSC from a particular drug
or CPR technique, and (c) the neurologic or cardiovascular
function after ROSC in response to a drug or CPR tech-
nique or post-ROSC modality.

With regard to visceral organs, important factors in the
context of cardiac arrest and CPR are the amount of blood
flow during CPR, the impact of drug therapy during CPR on
the splanchnic circulation, and possible development of
systemic inflammatory response syndrome and multior-
gan dysfunction similar to those of other shock states due
to I/R. The most important question in this context is
whether visceral organ I/R injury of cardiac arrest does
affect outcome.

Visceral organ ischemia 307



Visceral organ blood flow during
cardiopulmonary resuscitation

Only a few cardiac arrest studies have been performed for
specifically examining blood flow to visceral organs during
or after CPR. Visceral organ blood flow is generally meas-
ured using radiolabeled microspheres. The technique is
problematic during low flow for several reasons, the most
pertinent of which is microsphere quantification. As flows
get lower, the accuracy of quantifying microspheres also
decreases. A minimum of 400 spheres per tissue sample is
needed to achieve 95% accuracy with repetitive measure-
ments.99,100 This becomes a problem for visceral organs
since their flow is particularly low during CPR. Dramatically
increasing the number of injected spheres to achieve ade-
quate microsphere deposition and accuracy to compensate
for the low flow would increase expense and create prob-
lems in disposing of the animals after experiments because
of radiation concerns.

In the few cardiac arrest studies in canine and swine
models reporting intestinal blood flow, the durations of no
flow before CPR ranged from 0 to 10 minutes.100,101 Baseline
blood flows have been between 20 and 60 ml/min per 100g
tissue; flows during standard external CPR without inter-
vention were between 0 and 10 ml/min/100 g tissue. In
efforts to enhance flow, use of interposed abdominal com-
pression (IAC)-CPR did not increase blood flow compared
to standard CPR;102 with simultaneous compression venti-
lation (SCV)-CPR, however, intestinal blood flow was sig-
nificantly increased when the abdomen was bound and no
epinephrine was given, but it decreased to standard
CPR levels over time. With SCV-CPR without abdominal
binding but with standard dose epinephrine no significant
increase in intestinal blood flow occurs.103. When SCV-CPR
is combined with abdominal binding and epinephrine, no
increase in intestinal flow over standard CPR is seen,101 nor
is flow increased with combined standard CPR and
abdominal binding.104

Regardless of technique, blood flow decreases over
time.104 Administration of various vasoconstrictors such
as epinephrine, phenylephrine, angiotensin II, and vaso-
pressin not only failed to increase intestinal blood
flow during CPR but, depending on the study and dose,
further decreased intestinal blood flow compared to CPR
alone.103,105,106

Perhaps the most compelling evidence of the limited
improvement in intestinal blood flow during CPR is pro-
vided by studies by Linder et al. on the effects of vaso-
pressin on organ blood flow during CPR.105 In a 4-minute
swine model of ventricular fibrillation cardiac arrest, open
chest CPR only produced intestinal blood flows between

2 and 26 ml/min per 100 g tissue. Administration of epi-
nephrine, 0.045 mg/kg, with continued internal massage
did not increase blood flow. Administration of vasopressin,
which increased blood flow to brain, heart, and kidney,
resulted in significantly decreased blood flow to almost
non-detectable levels in the small intestine.

In a closed chest cardiac arrest model in swine, after 3
minutes of CPR, blood flow to the small intestine was
approximately 10 ml/min per 100 g during CPR before drug
administration, and did not change after administration of
epinephrine 0. 2 mg/kg. After administration of different
doses of vasopressin (0.2, 0.4, or 0. 8 U/kg), intestinal blood
flow was below 1 ml/min per 100 g tissue.107

The level of intestinal blood flow in the postresuscitation
period has been investigated in only a small number of
studies. Among factors likely to affect blood flow are pre-
existing intestinal disease, length of arrest, amount and
type of vasopressors used during CPR, and the state of the
cardiovascular status on ROSC. In one study designed
specifically to examine splanchnic and renal blood flow
after CPR with epinephrine and vasopressin in pigs, blood
flow to the small intestines was measured with radiolabeled
microspheres and was not significantly impaired after 30,
90, and 240 minutes after CPR in comparison to pre-arrest
control values.108 In another study in pigs, blood flow
through the superior mesenteric artery was measured with
an ultrasound flow probe. After CPR, including the admin-
istration of either epinephrine 0.045 mg/kg, or vasopressin
0. 4 U/kg, superior mesenteric artery blood flow was signif-
icantly lower after vasopressin compared with epinephrine
at 5 minutes after ROSC (332 vs. 1087 ml/min), and at 15
minutes after ROSC (450 vs. 1130 ml/min).109

Only a few measurements of liver blood flow during CPR
have been reported.101,103,104,108,110. Baseline flows in these
studies range between 40 and 50 ml/min per 100 g tissue,
compared with between 0.1 and 10 ml/min per 100 g tissue
during CPR. SVC-CPR with or without abdominal binding
and epinephrine failed to increase hepatic artery blood
flow compared to standard CPR.101,103 Standard CPR with
abdominal binding also did not increase hepatic blood
flow.103

Postresuscitation hepatic blood flows after a 5-minute
arrest without epinephrine were not depressed from base-
line, whereas with longer periods of arrest, hepatic flows
were significantly lower than prearrest baseline.111 When
hepatic blood flow was measured by means of a constant
infusion of indocyanine green108 or with a hepatic artery
ultrasound flow probe109 after 4 minutes of cardiac arrest,
postresuscitation blood flow was not significantly different
in animals that received epinephrine 0.045 mg/kg or vaso-
pressin 0. 4 U/kg.
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Pancreatic blood flow during CPR, including IAC- or
SVC-CPR, has been measured to be, for all practical pur-
poses, zero.101–103,112. Postresuscitation flows are sig-
nificantly decreased from prearrest baselines after only
5 minutes of arrest without epinephrine administra-
tion.110,111 With administration of vasopressors during
CPR, pancreatic blood flow at 30 minutes after CPR is
reduced by 50% with epinephrine, and by 70% with vaso-
pressin, respectively.108 It is not known whether post-
resuscitation blood flow is sufficient to meet the organ’s
demand.

In contrast to the other visceral organs studied, where
blood flow is further reduced by administration of vaso-
pressors during CPR, blood flow to the adrenal glands
is increased. Adrenal blood flows during normal sinus
rhythm have been measured to be between 140 and
500 ml/min/per100 g tissue,83,102,108, and during CPR, flow
decreased to between 5 and 128 ml/min per 100 g tissue. In
a swine model of cardiac arrest, however, administration of
epinephrine or angiotensin during CPR increased blood
flow to normal sinus rhythm baseline;83 administration of
both agents decreased CPR blood flow to 50 ml/min per
100 g tissue. Simultaneously measured renal blood flows
were very low during CPR and were further reduced after
administration of epinephrine or angiotensin II or both
agents. In a pig model of CPR, both vasopressin and epi-
nephrine produced significantly higher medullary and
cortical adrenal gland perfusion during CPR than did a
saline placebo, but vasopressin resulted in significantly
higher medullary adrenal gland blood flow when com-
pared with epinephrine.113 On ROSC, adrenal blood flow
was substantially higher than in baseline controls despite
lower than normal renal flows.108 Thus, adrenal blood flow
seems to be preserved during CPR with and without use of
vasopressor drugs.

Renal blood flow during closed chest CPR of various
durations without any vasopressors is between zero and
75 ml/min per 100 g of tissue as determined in both dogs
and swine,99,103,104,106,112,114–116 compared with baseline flows
between 50 and 500 ml/min per 100 g of tissue. In all
studies the flows produced by CPR are far below that
required to meet the oxygen requirements of the kidney.
IAC-CPR, vest CPR, and standard CPR with abdominal
binding also failed to increase renal blood flow significantly
compared to baseline CPR.101–104,117 SVC-CPR performed
with abdominal binding and without epinephrine admin-
istration103 did show some increase in flow, but after
20 minutes flow returned to levels equivalent to standard
CPR. Active compression-decompression CPR has been
shown to increase renal blood flow over standard CPR,
but downtimes in this study were very short. It is unclear

how long these increases can be sustained and whether
these levels will prevent damage.118

Studies with various doses of vasopressors including
epinephrine, angiotensin II, and vasopressin revealed that
renal blood flow is significantly decreased or unchanged
compared to CPR alone.2, 106, 114–116, 119, 120 Linder et al. exam-
ined blood flows in a swine model of open chest CPR in the
presence of angiotensin II and vasopressin.105, 120 Baseline
renal blood flow was 190 ± 77 ml/min per 100 g of tissue.
With open chest CPR after 4 minutes of cardiac arrest, renal
flows were reduced to between 17 and 25 ml/min per 100 g
of tissue. When angiotensin was administered, renal blood
flow decreased to 4. 6 ml/min per 100 g of tissue after 90
seconds and further decreased to 1.1 ml/min per 100 g of
tissue after 5 minutes. When standard dose epinephrine
was given, renal blood flow decreased from 17 ml/min/
100 g of tissue to 14 ml/min per 100 g of tissue 90 seconds
after drug administration and further decreased to
8 ml/min per 100 g of tissue. With vasopressin, blood flow
decreased from 24 ml/min/per 100 g of tissue to between
14 and 19 ml/min/per 100 g of tissue 90 seconds after drug
administration but increased to 34 to 40 ml/min/per 100 g
of tissue 5 minutes after administration. Of note, these
measurements were made during open chest CPR, which
is a superior mode of reperfusion.

Few data exist on the postresuscitation renal blood
flows after cardiac arrest. With prearrest baselines of 170 to
265 ml/min per 100 g of tissue and arrest times of 10
minutes, postresuscitation blood flows measured at 5 and
15 minutes after ROSC ranged from 17 to 90 ml/min per
100 g of tissue.83, 100, 119 With arrest times of 4 minutes
and administration of epinephrine 0.045 mg/kg, or vaso-
pressin 0.4 U/kg, renal blood flow in pigs ranged from
450 ml/min per 100 g of tissue in control animals to
370 ml/min per 100 g (vasopressin), and 300 ml/min per
100 g (epinephrine) at 30 minutes after ROSC.108 With
arrest times of 5 minutes without vasopressors, post-
ROSC renal flow is not depressed.111

On the basis of the available data, it does not appear that
blood flow to the intestines, liver, pancreas, and kidney
can be sufficiently increased by current CPR techniques
and vasopressors. Current efforts to improve myocardial
and cerebral blood flow with high doses of vasopressor
agents will likely further reduce flow to these organs
during CPR. Even open chest CPR appears to produce
blood flows below those needed to reverse ischemia, espe-
cially if the descending aorta is cross-clamped.2,120 Since
with isolated visceral organ ischemia, most organs are tol-
erant for up to 60 minutes of warm ischemia, it does not
appear that increasing visceral organ blood flow during
CPR would be advantageous. It is probably more valuable
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to use techniques that shorten the duration of ischemia
before ROSC, thus restoring visceral organ blood flow as
soon as possible, even if these techniques further reduce
visceral organ blood flow during CPR. The exception to
this may be the use of pharmacologic agents that increase
cerebral and myocardial blood flow at the expense of vis-
ceral flow after ROSC.

To summarize, the period of arrest before institution of
CPR represents a time of complete ischemia. The period of
CPR with or without administration of vasopressors repre-
sents a time of extremely low perfusion. Flows to the vis-
ceral organs during CPR, especially the intestines, liver,
and pancreas, are likely to be close to zero for the most
part, especially if vasopressors are needed. The ability to
increase oxygen extraction in such extreme conditions is
likely to be unhelpful during arrest and CPR since oxygen
delivery to these organs is close to zero. The period of CPR
should probably be considered additional complete
ischemia time for the visceral organs.

In models of isolated visceral organ ischemia, organs
experience periods of reduced flow on reperfusion for
various reasons, but which may be largely the result of
reperfusion injury. The time course for this decrease in flow
during reperfusion has not been clearly delineated for each
organ. In the limited reports of arrest times of 10 minutes,
it appears that post-ROSC blood flow to all visceral organs
except the adrenal glands is reduced. Whether there are
periods of heterogeneous no-flow or very low flow in areas
within the individual visceral organs on reperfusion after
ROSC is not known.121,122 The need for post-ROSC vaso-
pressors and the body’s natural response to shunt blood
from the visceral organs to preserve flow to the heart and
brain, however, may account for most of the decreases in
post-ROSC blood flow to the visceral organs, rather than
actual reperfusion injury in each individual visceral organ
tissue bed. Recent clinical studies on global body oxygen
delivery and consumption measured using lactate levels
and mixed venous blood gas indicate that blood flow is not
sufficient.123,124

It has been well documented in animals and humans
that endogenous levels of epinephrine, norepinephrine,
angiotensin, and vasopressin are all elevated during CPR
and in the post-ROSC period.125–127 Although these levels
may not correlate with post-ROSC blood pressure or heart
rate, the visceral organ vasculature is hypersensitive to
these elevated endogenous levels, which may exacerbate
microvasculature failure and increase I/R damage by jeo-
pardizing oxygen delivery (DO2) and oxygen consumption
(VO2). Further visceral organ I/R might be expected with
the addition of exogenous vasopressors to maintain blood
pressure.

Visceral organ damage from cardiac arrest

Organ dysfunction may cause considerable mortality and
morbidity after restoration of spontaneous circulation. It
was not until Cerchiari et al. examined the effects of vis-
ceral organ damage from cardiac arrest and CPR on neuro-
logic outcome that there was any systematic attempt to
examine visceral organ function after cardiac arrest.128 This
study was performed on dogs placed in arrest for periods
of 7.5, 10, and 12.5 minutes. After resuscitation, all animals
received standard postresuscitation intensive care and had
various visceral organ functions as well as neurologic mea-
sures assessed up to 72 hours. Transient visceral organ dys-
functions were found in all groups, with most functions
returning to normal over time. Although trends were
noted, no correlations existed among arrest times, visceral
dysfunction, and neurologic outcome.

Intestines

When systematically examined in the canine model of
cardiac arrest with complete ischemia times of 7.5, 10.0,
and 12.5 minutes devised by Cerchiari et al., no alteration
in cerebral outcome could be attributed to intestinal
ischemia.128 Each group contained 13 dogs. Despite nega-
tive blood cultures before arrest, all but five dogs at 6 hours
after ROSC and all but two dogs at 24 hours after resuscita-
tion had positive blood cultures. At 6 hours after ROSC, cul-
tures were generally positive for a single organism whereas
multiple organisms were found at 72 hours. Most organ-
isms were enteric aerobic gram-negative bacilli, of which
Enterobacter was the most common. When poor neuro-
logic outcomes did occur in these animals, sepsis caused
by bacteremia was not present. Histopathology of these
animals 72 hours after ROSC revealed diffuse petechial
hemorrhages in the mesentery and intestinal serosa in
only one of nine animals arrested for 7.5 minutes and three
of nine animals arrested for 12.5 minutes.

Although ulceration, intractable acidosis of intestinal
origin, bloody diarrhea, and sepsis have been reported in
the post-ROSC period, this does not appear to be a uniform
problem.124,129 Only one human study has specifically
examined the incidence of intestinal dysfunction and
failure as exemplified by bacteremia and diarrhea after
cardiac arrest.130 In this study, of 39 patients resuscitated
from out-of-hospital arrest, 12 had fetid diarrhea several
hours after admission and subsequently developed bac-
teremia with positive blood cultures for enteric organisms,
including streptoccocus D, Escherichia coli, Pseudomonas
aeruginosa, Acinetobacter, and Enterobacter, which were
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also recovered from the stool. Interestingly, the average
dose of epinephrine given during the resuscitation did not
differ between bacteremic and non-bacteremic groups
(mean dose range, 9 to 13 mg). Both groups had similar CPR
times of 6 minutes, but no estimate of downtimes before
CPR was given. Although all patients who developed diar-
rhea died, none of these patients was thought to have died
from sepsis. The results clearly provided evidence of
ischemia-induced bacterial translocation. No comment
was made, however, about the hemodynamic course and
use of vasopressors in both groups after ROSC; therefore, it
is difficult to know why some but not all patients developed
diarrhea and bacteremia. In another study, gastrointestinal
hemorrhage after in-hospital cardiac arrest was reported:
129 of 63 patients 25 developed some type of upper or lower
gastrointestinal hemorrhage. These complications were
not associated with increased mortality.

Liver

In the same canine ventricular fibrillation cardiac arrest
model of Cerchiari et al., no permanent liver damage
was detected histopathologically 72 hours after cardiac
arrest.128 Hepatocyte swelling and occasional centrilobular
necrosis were seen, but this was not severe enough to
impair liver function. Serum bilirubin and glutamyl-
transpeptidase (GTP) levels were normal throughout the
postresuscitation period in all three groups. Aspartate
aminotransferase (AST) was significantly elevated up to 72
hours after arrest, whereas alanine aminotransferase (ALT)
was significantly elevated in all three groups only up to 24
hours after arrest, but since these enzymes are not specific
for liver damage, the elevations may have been due to
myocardial injury. Ammonia levels were significantly ele-
vated at 24 hours in the 10-minute arrest group but not at
72 hours; in contrast, the 12.5-minute arrest group demon-
strated significantly elevated ammonia levels only at 72
hours. Animals that regained consciousness had signifi-
cantly lower ammonia levels than those that did not,
although the standard deviation was high. However, there
were no significant differences in neurologic outcome
between arrest time groups.

Interesting patterns in the amino acid profiles were
noted in this model. The branched chain amino acids were
significantly increased in dogs with poor outcome but
were unchanged in those with good outcome. Although the
aromatic amino acids increased in both groups, they were
significantly higher in those animals with poor neurologic
outcome. The branched chain:aromatic amino acid ratio
was worse in animals with poor outcome. None of these

patterns, however, was significantly correlated with arrest
times. In addition, the authors of this study point out that
liver dysfunction cannot account for all of this imbalance
since the elevated levels of aromatic amino acids (metabo-
lized by the liver) were not accompanied by decreased
levels of branched chain amino acids, which are utilized by
skeletal muscle. These patterns of ammonia and amino
acids were not reflected by worse neurohistopathology.

Only one clinical study examined hepatic function after
in-hospital cardiac arrest.129 In this study, 18 of 63 patients
had some elevation of liver function tests. However, eight
of these patients were in congestive heart failure before
arrest and had some elevation of liver function tests at that
time. An additional smaller number were found to have
passive liver congestion on autopsy. It is therefore difficult
to ascribe the abnormal liver function in this study to
hepatic ischemia and necrosis from the ischemic time of
the cardiac arrest itself. Since animal and clinical studies
suggest that livers can be successfully harvested and trans-
planted from donors after cardiac arrest that involved
warm ischemia times from 30 to 60 minutes, complete
ischemia of moderate duration cardiac arrest apparently
does not impose insurmountable injury.131

Pancreas

No formal animal or human studies have examined pan-
creatic function after cardiac arrest. Clinical pancreatitis
has not been reported as a common postresuscitation
complication. Up to 39% of pancreatic donors who have
undergone some period of ischemia have hyperamyl-
asemia.132 Pancreatitis secondary to ischemia is, however,
extremely difficult to diagnose.

An interesting finding that may have bearing on neu-
ronal salvaging is that insulin production by the pancreas
appears to be blunted in the early postresuscitation period.
Whether this is secondary to the ischemia of cardiac arrest
itself or to the exogenously administered epinephrine
given during CPR is not known.133

Kidneys

When systematically studied in the canine animal model of
Cerchiari et al., renal function is found to recover promptly
after only transient periods of anuria and oliguria.128

Histopathologic examination 72 hours after cardiac arrest
in this model revealed scattered renal infarcts that were
more consistent with iatrogenic emboli from indwelling
catheters than ischemic insults. Blood urea nitrogen
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(BUN), creatinine, serum osmolality levels, and serum
electrolytes were all reported to be normal at 6 hours after
resuscitation.

After CPR including the administration of vasopressors,
in the postresuscitation phase neither urinary output nor
calculated renal function indices differed significantly
between animals after having received epinephrine or
vasopressin.109 Calculated glomerular filtration showed no
difference between groups and calculated fractional excre-
tion of sodium was elevated in both groups at 60 minutes
after ROSC, with an ongoing elevation in the vasopressin
group for 2 hours after ROSC. Relationship of osmolarity
between urine and plasma was not impaired at any time
point during the postresuscitation phase. In summary,
with respect to renal blood flow and renal function after
ROSC, there was no significant difference between either
vasopressor given during CPR.

Only one study to date has specifically examined the
prevalence of acute renal failure in humans following
CPR;134 30% of patients who were resuscitated from in-hos-
pital cardiac arrest developed acute renal failure. Analysis
revealed that the group developing acute renal failure had
a significantly longer duration of actual CPR (12 minutes
vs. 7 minutes), although the estimated downtime before
institution of CPR was not reported. It was also found that
the group developing acute renal failure received larger
doses of epinephrine (1.8 mg vs. 0.9 mg) and the frequency
of preexisting congestive heart failure, coronary artery
disease, and compromised renal function was significantly
higher in this group. As expected, the group with acute
renal failure had significantly worse long-term survival
compared to the group without such failure (6.3% vs.
47.5%). More patients who recovered renal function had
cardiac arrest secondary to ventricular fibrillation than did
those who developed renal failure. The report does not
mention which patients required post-ROSC vasopressor
blood pressure support or what measures were taken to
avoid postarrest renal failure. No study has reported post-
ROSC electrolyte disturbances that could be attributed to
renal I/R.

In contrast to the intestines and liver, preexisting renal
insufficiency is common in cardiac arrest patients and thus
is likely to affect renal outcome after arrest. Volume status
and renal function are normal in virtually all current
animal models of cardiac arrest, thus making these factors,
which are common in the clinical setting, difficult to study
experimentally unless altered by design.

Many examples exist in which kidneys have been suc-
cessfully harvested and transplanted from non-resusci-
tated donors after cardiac arrest times approaching 60
minutes.135 It appears therefore that complete ischemia

from cardiac arrest of moderate duration does not impose
an insurmountable insult to the kidneys if they were not
significantly impaired before arrest

Adrenal gland

Adrenal function during cardiac arrest has recently been
evaluated in both the laboratory and clinical settings. One
study found that cortisol concentrations in human victims
of cardiac arrest were lower than those reported in other
stress states.82 In this study there was an apparent asso-
ciation between cortisol levels and at least short-term
survival from cardiac arrest. Increases in cortisol levels
were observed by 6 hours after ROSC but not at 24 hours.
Adrenocorticotropic hormone (ACTH) levels were
increased, but they decreased 6 hours after ROSC. There
was no significant response to cosyntropin stimulation at
6 and 24 hours, suggesting that low levels of cortisol may
represent primary adrenal dysfunction, the etiology of
which is unclear. Interestingly, increased levels of cortisol
have been found in dying intensive care unit (ICU) patients
and in patients who suffered cardiac arrest in the ICU and
underwent immediate CPR.136 In cases of sudden cardiac
death, it is unlikely that cortisol levels would be increased
before arrest. Even if the adrenal gland were capable of
responding during CPR it is possible that the volume of dis-
tribution of the cortisol is too low, secondary to the low
flow of CPR, and thus any advantage it would impose on
the catecholamine response, for example, would be lost.
Nevertheless, secondary causes of cardiac arrest may be
preceded with stress states, such as cardiogenic shock or
sepsis, in which the adrenal gland increases cortisol pro-
duction and flow is sufficient to distribute it. In the study
by Schultz et al., patients achieving ROSC tended to have
higher cortisol levels,82 as well as shorter arrest times, and
more presented in pulseless electrical activity. Therefore
the underlying etiology of the arrest may affect adrenal
function and vice versa. Despite ROSC, many individuals
did not achieve cortisol levels greater than 30 µg/dl in this
stressful state, thus indicating some ongoing adrenal dys-
function after ROSC, possibly secondary to I/R damage
caused by the prolonged downtimes and resuscitation
times. Again no significant response to cosyntropin stimu-
lation at 6 or 24 hours indicated some primary adrenal dys-
function, possibly in the form of a “stunned” adrenal
cortex.

In a pig model of cardiac arrest including the adminis-
tration of epinephrine 0.045 mg/kg or vasopressin 0.4 U/kg
during CPR, ACTH and cortisol plasma concentrations
were measured before arrest, during CPR before drug
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administration, and at 90 seconds and 5 minutes after drug
administration.137 ACTH and cortisol concentrations
remained unchanged in epinephrine-treated animals, but
increased significantly after administration of vasopressin
and were significantly higher (12.5 µg/dl) than in epineph-
rine-treated animals 5 minutes after drug administration
(5.5 µg/dl). Vasopressin is a potent stimulus for ACTH
secretion during CPR. The increased plasma cortisol con-
centrations caused by the enhanced ACTH release after
vasopressin may be one factor contributing to the
improved outcome repeatedly observed with vasopressin
in animal models of CPR.

Future models of cardiac arrest examining visceral organ
I/R may require modifications to mimic the clinical setting
more closely, such as longer downtimes and resuscitation
times, larger epinephrine doses, and predetermined
pauses between ROSC and institution of postresuscitation
intensive care.

Relationship among visceral organ I/R of cardiac
arrest, systemic inflammatory response
syndrome, and multisystem organ dysfunction
or failure

Although no exact numbers exist, some resuscitated
patients will develop multiorgan dysfunction syndrome
and failure, leading to death. This has been termed the
postresuscitation syndrome.

The mechanism underlying this postresuscitation
disease involves a whole-body-ischemia and reperfusion
syndrome, and shares many features with systemic inflam-
matory response syndrome (SIRS) and sepsis, including
plasma cytokine elevation with dysregulated cytokine pro-
duction, the presence of endotoxin in plasma, coagulation
abnormalities, and adrenal dysfunction.

The SIRS and resulting organ dysfunction represent a
response to injury; four general events can incite this
response: infection, perfusion deficits, inflammation, and
dead or injured tissue. These inciting events may over-
lap. Free radicals, inflammatory mediators, immunologic
factors, and neurohormonal factors all play a role in SIRS
and its progression to MODS. These mediators are proba-
bly produced from the visceral organs as a result of the
inciting events. The SIRS response generally reaches a peak
in 3 to 4 days and abates in 7 to 10 days, and the patient
recovers. If SIRS continues, however, MODS develops and
may eventually lead to death.11

Drastic increases in mortality from 40% to as much as
100% may occur after the transition of SIRS to MODS. The
postresuscitation response of an organ or organism after

any insult is based on multiple factors, including the sever-
ity of the initial injury, the patient’s organ reserve, the time
interval from insult to resuscitation, and the adequacy of
resuscitation. Failure to control infection or correct perfu-
sion deficits, for example, will convert a stable SIRS patient
to one with MODS progressing to failure and death.11

Recently, TNF has been detected 6 hours after ROSC in
patients resuscitated from cardiac arrest, indicating an
inflammatory response and possible SIRS. TNF was not
found in patients surviving less than 4 hours.138 Patients
surviving longer than 20 days in this study had no TNF
detectable at 6 hours, although TNF did eventually appear.
Patients surviving for more than 12 hours, but who died
within 72 hours, had the highest levels.

In other models of shock and I/R, TNF has been found to
reach a peak between 30 and 180 minutes after reperfu-
sion.139 The different time lags for detection of TNF
between these states and the cardiac arrest study discussed
above suggest that the stimulus for TNF may not be the
initial ischemia time of cardiac arrest and CPR, but rather
the postresuscitation course that follows ROSC. There is
good evidence that derangements of oxygen delivery and
consumption exist long after ROSC, and these may under-
lie the majority of visceral organ injuries that occur in the
postresuscitation state.123,124

Cytokines and soluble receptors increase in the circula-
tion as early as 3 hours after cardiac arrest. Plasma con-
centrations of interleukin-6 (IL-6) show greater elevations
in non-survivors than in survivors and were higher in
patients requiring vasopressor therapy. IL-6 and soluble
TNF receptor II are closely correlated with plasma lactate
concentrations, suggesting a relation among ischemia,
reperfusion injury, and inflammatory responses. Elevated
levels of plasma endotoxin within 2 days after successful
resuscitation may be explained by translocation of endo-
toxin through sites of gut-wall ischemia. Increased soluble
intercellular adhesion molecule-1, soluble vascular-cell
adhesion molecule-1, and P and E selectins were found
after successful CPR, suggesting neutrophil activation and
subsequent endothelial injury in patients with SIRS,
including patients after recovery from cardiac arrest,
however, hyporesponsiveness of circulating leucocytes has
been observed, and may allow protection against over-
whelming dysregulation of the inflammatory process, but
may also induce immune paralysis with an increased risk
of subsequent infection.

The relationship between the SIRS progression to MODS
of other shock states and that of cardiac arrest may depend
on the etiology of arrest as well as postarrest events.
Cardiac arrest from trauma or sepsis would likely have
been preceded by some degree of SIRS. In addition, lung or
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liver trauma caused by CPR, infectious foci occurring sec-
ondarily, such as catheter-related infections or sepsis, and
aspiration pneumonitis might induce SIRS not due to the
primary ischemia. Because of these complex relationships,
it remains questionable whether the primary ischemia of
cardiac arrest itself, or cofactors in the context of CPR may
induce a sepsis-like syndrome after successful resuscita-
tion from cardiac arrest.

The oxygen debt incurred during the cardiac arrest itself
is not likely to represent a lethal insult in producing postre-
suscitation mortality and the development of multisystem
organ failure. Studies of critically ill surgical patients
demonstrate little or no mortality from development of
multisystem organ failure when oxygen debt is less than
4100 ml/m2. Mortality increases to 50% and 95% when
cumulative oxygen debt is 4900 ml/m2 and 5800 ml/m2,
respectively.140 In contrast, for a 70-kg individual with a
baseline oxygen consumption of 120 ml/min/m2, a 30-
minute cardiac arrest would create an oxygen debt of
3600 ml/m2. Postresuscitation hemodynamic derange-
ments may cause further accumulation of oxygen debt to
more lethal ranges.

The preponderance of evidence indicates that ischemia
of cardiac arrest per se may not promote a systemic inflam-
matory response leading to the multiorgan dysfunction
syndrome of the postresuscitation syndrome unless
ischemia times are extremely prolonged. Rather, it seems
more likely that protracted hemodynamic derangements,
many of which may be iatrogenic in nature (often from
neglect), in the post-ROSC period are mainly responsible.

Treatment

Little work has been performed specifically to prevent
postresuscitation visceral organ damage. Therapies should
probably be aimed at reducing injury at reperfusion and at
preventing further I/R injury in the postresuscitation state,
keeping in mind that the majority of visceral organ injury
may occur in the post-ROSC phase. Several strategies
aimed at stabilizing cells, inhibiting molecularly mediated
damage, correcting derangements of oxygen transport,
and reducing complications of visceral organ injury will be
examined.

Prevention of free radical and inflammatory
mediator injury

Since primary ischemia from most cardiac arrests is less
than 1 hour, there is likely to be a window of opportunity

for inhibition of various molecularly mediated causes of
I/R injury. Many agents have been studied with the hope of
limiting damage not only to the individual visceral organ
itself, but also to distant organ systems.

Many potential antioxidant therapies have been pro-
posed because they were used to demonstrate that a par-
ticular oxidant was responsible for the injury. In numerous
instances, however, this required that the antioxidant be
given before the ischemic insult or at the start of reperfu-
sion. Consequently, although the antioxidant may have
proved beneficial in these cases, extrapolation to the clin-
ical setting of cardiac arrest has numerous problems. This
again relates to the concept of a window of opportunity for
these therapies to be effective (Fig. 15.2). No agent has
been shown to make a clinically significant difference in
outcome and is in routine use. Table 15.2 lists the exogen-
ous antioxidant agents that may be useful in limiting vis-
ceral organ I/R damage. If the postresuscitation phase of
cardiac arrest is considered a period of ongoing ischemia,
administration of these agents may be helpful.

If antioxidant therapy becomes a clinical reality, its use
in the cardiac arrest patient will require examination of
dose-response curves and timing of administration.
Administration during CPR would offer no advantage
before ROSC, because of the short half-lives of many of
these agents and because their distribution would be
limited by the low blood flow to the visceral organs. On the
other hand, sufficient concentrations of antioxidants in the
circulation would permit their rapid delivery to the visceral
organs after ROSC. Administration of these agents to
patients who are immediately at risk for sudden cardiac
death, such as those who present with an evolving myocar-
dial infarction, might be of greater benefit. If the patient
arrests and is resuscitated, antioxidant therapy will then be
available for maximal effect. Even if these individuals do
not arrest, many will develop a protracted and difficult
course of cardiogenic shock, which will produce varied
degrees of visceral organ I/R injury.

Other therapies with great potential include suppressing
or blocking molecular mediators of the inflammatory
response that lead to organ dysfunction, for example by
altering the PMN-endothelial interaction, the arachidonic
acid and eicosanoid response, the peptide cytokines, PAF,
complement, and NO. The role of molecular mediators as
inhibitors of visceral organ ischemia from cardiac arrest is
purely speculative at this time. Figure 15.5 illustrates the
points of action of many of the free radical scavenging
agents.

In experimental models of sepsis and ischemia-
reperfusion injury, isovolemic high-volume hemofiltration
by using a synthetic high-cutoff membrane removes
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medium molecular-weight molecules responsible for
ischemia-reperfusion injury. The potential effects of high-
volume hemofiltration have been evaluated by randomiz-
ing 61 patients with out-of-hospital cardiac arrest into
three groups: control patients and those with high-volume
hemofiltration with or without hypothermia.141 The
6-month survival curves of the three groups were signifi-
cantly different, with better survival in the hemofiltration
group and in the hemofiltration-hypothermia group. The
authors of this study stated that definitive conclusions
should await clinical trials in a larger cohort of survivors of
cardiac arrest.

Oxygen delivery and consumption

Resuscitation of the cardiac arrest victim does not end on
ROSC. It is clear from many studies examining other forms
of shock that patients may remain underresuscitated for
days after the initial insult. This is likely to occur for the
victim of cardiac arrest in whom aggressive treatment was
delayed because of concerns for neurologic viability.
Measures such as heart rate, blood pressure, and urine
output have clearly been shown to be poor indicators of
the adequacy of resuscitation.123,124 As discussed earlier,
microcirculatory failure is likely to be protracted, making it
a major factor in ongoing injury, and ultimately additional
oxygen deprivation of the tissues results. Since for practi-
cal purposes, flow to the visceral organs during CPR is
likely to be zero, the main factors affecting oxygen debt will
be time elapsed between arrest and ROSC and post-ROSC
blood flows below the level of critical oxygen delivery. The
requirement of exogenous vasopressors to maintain
myocardial and cerebral perfusion pressure may pose a
problem since ongoing visceral I/R mediated by these
vasopressors is possible.

VO2 values vary widely in critically ill patients. Certain
shock states show decreases in oxygen consumption,
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Table 15.2. Exogenous antioxidants and antineutrophil
agents with potential to decrease visceral organ I/R

Enzyme inhibitor Species affected

Xanthine oxidase inhibitors

Allopurinol Xanthine oxidase

Oxypurinol

Folic acid

Pterin aldehyde

Tungsten

Other inhibitor

Soybean trypsin inhibitor Xanthine dehydrogenase

NADPH oxidase inhibitors

Adenosine NADPH oxidase

Local anesthetics, calcium-

channel blockers

NSAIDs

Cetiedil

CHIP

Monoclonal abs to NADPH oxidase

Superoxide dismutase

Native SOD O2

IgA hinge-linked SOD

PEG-SOD

Liposome-encapsulated SOD

SOD Mimics

Cu2� chelates O2

Desferal Mn

Cyclic nitroxides

Catalase

Native catalase H2O2

PEG-catalase

Liposome-encapsulated catalase

Other non-enzymatic free radical 

scavengers

Mannitol OH–

Albumin LOOH, HOCI

DMSO OH–

DMTU OH–, H2O2

Lazaroids LOOH1 O2

Inhibitors of iron redox cycling

Deferoxamine Fe3�

Ceruloplasmin

Augmentation of endogenous 

antioxidant activity

Oltipraz

Ebselen

Glutathione

N-Acetylysteine

Antineutrophil agents

Antineutrophil serum Neutrophil

Table 15.2. (continued)

Antiadhesion agents Adhesion molecules

Monoclonal Abs to CD11/CD 18

Soluble GMP 140

Platelet-activating factor PAF-dependent 

Antagonists adhesion molecules

BN 52021

WEB 2086

From Schiller, H.J., Reilly, P.M., Bulkley, G.B., Antioxidant therapy.

Crit. Care Med. 1993; 21(2) S97.



whereas others show higher levels. Studies reveal that sur-
vival is associated with increased levels of VO2. It has been
suggested that increasing DO2 to levels above 600 ml/min
per m2 140,142–144 would be helpful to overcome VO2 defects,
even though proper extraction and utilization of O2 are not
guaranteed. The exact role of this type of therapy in the
postresuscitation phase of cardiac arrest is not entirely
clear. In sudden cardiac death, cardiogenic shock prob-
ably predominates; however, even in this setting, postar-
rest cardiogenic shock is likely to be quite different from
primary cardiogenic shock. Rivers et al. have demonstrated
severe derangements in DO2, VO2, and oxygen extraction
ratios in the postarrest state up to 6 hours after ROSC.123

Patients receiving more than 14 mg of epinephrine showed
further impairment of systemic oxygen utilization after
ROSC.

Both endogenous and exogenous catecholamines, as
well as the endogenous vasoactive peptides angiotensin
II and vasopressin, are likely to mediate much of the
VO2 impairment that is occurring in the visceral organ

microcirculation. Studies quantifying plasma epinephrine
levels during cardiac arrest have shown resting levels of
160 pmol/l, which can reach levels as high as 2 144
994 pmol/l before administration of exogenous epineph-
rine.108,127 Norepinephrine levels have been found to be
increased up to 90-fold after administration of epineph-
rine.145 On the basis of the sensitivity of the visceral organ
vasculature along with plugging of the microvasculature
mediated by reperfusion, the visceral organs are at
tremendous risk for VO2 defects. VO2 may thus be limited
by constraints of diffusion, which, combined with the dif-
ficulties in increasing DO2, put these organs at further risk.

DO2 in the setting of postarrest cardiogenic shock is dif-
ficult to optimize. The use of catecholamines requires a
delicate balance. With respect to sudden cardiac death
from coronary vascular occlusion, serious consideration
should be given to very early coronary angiography and
angioplasty, since cardiac reserve will limit the usefulness
of catecholamines in increasing cardiac index while still
exerting negative effects in the visceral organs.
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Intraluminal oxygenation

Part of the pathophysiology and anatomy of intestinal I/R
involves injury that begins at the villous surface because of
the countercurrent exchange mechanism of oxygen. This
results in an early breach of the intestinal barrier to bac-
teria and other intestinal toxins. Since systemic perfusion
to the intestine is likely to be compromised, an alternate
route of O2 via the intraluminal surface is being studied.
Supplying O2 to the intestinal lumen either by providing
gaseous oxygen to the mucosa or by perfusing the lumen
with oxygenated fluids has been shown in animals to
prevent, in part, the development of mucosal injury.18

Intestinal I/R-produced falls in blood pressure are signifi-
cantly smaller, possibly secondary to decreased amounts
of cardiotoxic substances formed and released in the intes-
tine. In animal studies mortality has been reduced with
this technique. Intraluminal oxygenation also results in
increased Po2 of the intestinal venous effluent and reduced
endotoxin translocation.18 Its ability to improve intestinal
function and overall organ system function from the I/R of
cardiac arrest is unclear.

Hyperbaric oxygen therapy

Theoretically the use of hyperbaric oxygen should help
repay oxygen debt and reverse ongoing ischemia sec-
ondary to decreased DO2 and VO2. Inspiration of 100%
oxygen at 3.0 atmospheres can raise PaO2 levels to
1800 mm Hg;146 this level dissolved in the plasma can meet
the metabolic demands of the body. Areas where blood
flow is intact but compromised and at risk for ischemia
are supplied with O2 because of large diffusion gradients
created by nearby well-perfused areas with their high
PaO2

146. In addition, hyperbaric oxygen has been shown to
increase the deformability of red blood cells and decrease
platelet aggregation, thus making their transit through
debris-filled vessels easier. The end result is increased DO2

to all areas not subject to complete vascular occlusion.
There is also evidence that hyperbaric oxygen can ame-

liorate reperfusion injury. In several models of I/R, hyper-
baric oxygen has been shown to decrease neutrophil
adherence to the endothelium, decrease lipid peroxida-
tion, and cause increased activity of superoxide dismu-
tase.145,146 In addition, hyperbaric oxygen increases the
ability of PMNs to kill bacteria. In theory, hyperbaric
oxygen could prevent or reverse ongoing ischemia of the
visceral organs, especially in the hemodynamically unsta-
ble postarrest patient who depends on vasopressors and is
likely to be at risk for ongoing visceral I/R.

Intraaortic balloon pumping

Another potentially promising technique that has not been
well studied is intraaortic balloon pumping. Although not
proven, early use of this technique in the postresuscitation
phase may reduce the requirement for vasopressors and
thus decrease the incidence of vasopressor-induced vis-
ceral organ ischemia. Intraaortic balloon pumping may
increase blood flow to the visceral organs as shown in one
model of hemorrhagic shock.149 Its use to decrease visceral
organ I/R requires further study.

Hypothermia

Hypothermia is another potential treatment for reducing
the effects of ischemia in the visceral organs. Creation of
postresuscitation hypothermia has been vigorously inves-
tigated as a neuronal salvaging tactic.150 In visceral organ
ischemia, hypothermia has been studied during har-
vesting of organs for transplantation. Rapidly induced
hypothermia in donors with recent cessation of circulation
appears to extend the viability of several organs for trans-
plantation, including the liver and kidney.151,152 The exact
mechanism by which hypothermia salvages or prevents
further ischemic damage is unknown, but it may be related
to slowing certain reactions that cause secondary damage
at the molecular level, as well as decreasing the metabolic
rate of the organ.66,153

Hemodilution

If disturbances in the microcirculation exist after ROSC,
improving the rheologic properties of blood flow may
enhance flow to ischemic organs. There appears to be little
advantage in keeping hemoglobin levels above 10 g/dl.64

Endogenous visceral organ ischemia is ongoing, taking
place in the postresuscitation phase in the face of relatively
normal central hemodynamics. Yano and Takori found that
even after only 5 minutes of cardiac arrest without admin-
istration of vasopressors, flow to some visceral organs is
decreased up to 90 minutes after arrest and that this could
be prevented by hemodilution with dextran.111 If flow to
these organs can be improved by hemodilution without
jeopardizing myocardial and cerebral O2 delivery and con-
sumption, the visceral organs may benefit. Lenov and col-
leagues attempted a similar hemodilution strategy to
decrease postresuscitation hypoperfusion of the brain.122

Although their attempt was successful, the hematocrit of
20 to 25% decreased oxygen content to the point that
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overall DO2 was not increased. Hemodilution may have
its greatest benefit when coupled with other postresus-
citation maneuvers such as hyperbaric oxygen therapy,
whereby oxygen content can be supplemented.

Alteration of neural-humoral and hormonal
response

Since the splanchnic vasculature is exquisitely sensitive to
vasopressor agents, especially endogenous agents such as
angiotensin II and vasopressin, temporary ablation of this
response might prove beneficial.13 In states of shock where
these agents are endogenously produced at greater rates,
it has been shown that the response of the splanchnic
vasculature is disproportionately greater than is that of
the rest of the vascular system. In models of cardiogenic
shock, decreases in splanchnic blood flow occur for
prolonged periods, even when the underlying cause is
reversed.154–156

Manipulation of atrial natriuretic factor might also be
beneficial. Atrial natriuretic factor is increased during
cardiac arrest, possibly caused by atrial distension. Higher
levels of this factor appear to blunt the pressor response to
exogenously given vasopressors. Blocking the effect of the
factor to increase the vasopressor response during cardiac
arrest has been considered.157 Again this must be weighed
against the potentially detrimental effects on I/R damage
to the visceral organs that might be incurred in the postre-
suscitation phase.

As previously discussed, cortisol levels may be depressed
in the postresuscitation period. Supplementation of corti-
sol may reduce the need for potent exogenous vasopres-
sors. One animal study demonstrated a trend toward
earlier resuscitation and requirements for less epinephrine
when cortisol was administered during resuscitation.158

Other treatments

Gut decontamination

Since ischemia may cause a breach of the intestinal
barrier, selective decontamination of the gastrointestinal
tract with non-absorbable antibiotics such as polymyxin,
amphotericin, and tobramycin has been shown to reduce
the content of gut organisms and to lower concentrations
of endotoxins and cytokines.159 It appears to lower the rate
of endotoxemia and its associated complications as well
as possibly reducing the incidence of nosocomial pneu-
monia.160 The antibiotics work by a combination of

binding lipopolysaccharide and keeping gram-negative
organism concentrations in check. Other maneuvers that
may aid decontamination include gut lavage with whole
gut irrigation as well as early institution of enteral
nutrition.159

Extracorporeal therapy

Several forms of extracorporeal therapy have been pro-
posed to reduce visceral organ ischemia and its complica-
tions. Major techniques include use of activated carbon
hemoperfusion and early renal dialysis. Activated carbon or
charcoal hemabsorption has been proposed as an adjunct
to aid in the recovery of the severely damaged ischemic
liver.161 Acute ischemic liver damage leading to hepatic
failure is associated with a host of complications, including
cerebral dysfunction. Charcoal can adsorb a wide range of
water- and lipid-soluble molecules of size range 113 to
40 000 Da, which are both beneficial and toxic.162 These
toxic substances include, but are not limited to mercaptans,
gamma-aminobutyric acid (GABA), aromatic amino acids,
phenols, and other false transmitters.161 Hemoperfusion is
also capable of removing and reducing certain bacterial
species such as E. coli and P. aeruginosa, as well as endotox-
ins.163 The liver is responsible for removing many toxins in
addition to breaking down and maintaining plasma amino
acid levels within a physiologic range and clearing bacteria
and endotoxin. Since many of these functions are compro-
mised after an ischemic insult, methods to reduce the work
load of the liver may be helpful.

To date, only two studies have examined the value of
charcoal hemoperfusion after cardiac arrest: one showed
no improvement, and the other was only minimally
helpful.162,164 Both models used cardiac arrest times
between 10 and 15 minutes. In the most recent of the
two studies, dogs were in arrest between 12.5 and 15
minutes.162 Despite significant decreases in the concen-
trations of aromatic amino acids, the overall neurologic
outcome of animals receiving charcoal hemoperfusion
was no better than in controls. Aromatic amino acids
increased after treatment was stopped. Blood cultures in
both groups were positive. The authors suggest that a
more prolonged trial of charcoal hemabsorption should
be performed.

Indications for the use of renal hemodialysis in the
postresuscitation phase of cardiac arrest are unclear. Early
dialysis in some shock states apparently decreases the
incidence of prolonged renal failure and its associated
complications. The true incidence of postresuscitation
renal failure is unknown, but it appears to be higher in
patients than in animal models.128,134
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Monitoring

Monitoring for visceral organ I/R would be helpful, but
what should be monitored and when remain unclear.
Obviously, aggressive resuscitation must continue imme-
diately on ROSC, and monitoring of heart rate and blood
pressure as guides to treatment response is insufficient.
Monitoring of isolated organs will be difficult.

Pulmonary artery catheter monitoring

Since a large oxygen debt accumulates during cardiac
arrest, the ability to repay this debt may be a major deter-
minant of survival or progression to the postresuscitation
syndrome and death. Rivers et al. indicate that derange-
ments in oxygen utilization exist and are likely due to a
combination of reperfusion-mediated events and cate-
cholamine use during and after resuscitation.123,124 In
short, utilization defects are probably best recognized and
corrected by invasive monitoring. Since the utilization
defects are due to a combination of problems with DO2 and
VO2, monitoring with an oximetric pulmonary artery
catheter would provide the clinician with the most useful
information allowing flow-dependent VO2 to be better
recognized.

Lactate

Normal arterial lactate level is considered to be less than
1.8 mEq/l. Levels greater than 2 mEq/l have been associ-
ated with increased mortality. Lactate accumulation may
occur not only from increased production in ischemic
tissue beds, but also from decreased hepatic oxidation.
Liver failure only modestly increases the clearance time for
lactate.165

Washout of lactate from ischemic tissue beds is usually
short-lived and does not significantly affect lactate clear-
ance. Following CPR, arterial lactate levels have been
found to decrease by one-half over a period of 60 to 90
minutes if adequate perfusion is restored.166 During circu-
latory shock, lactic acid clearance is significantly delayed
and may require hours to normalize, which likely reflects
the times involved for full reversal of the underlying cause
of the tissue hypoperfusion. Unless arterial-venous lactate
measurements are made across specific tissue beds, they
cannot predictably pinpoint ischemia to a particular organ
system.

Other peripheral measures of perfusion

Additional techniques that measure peripheral perfusion
have been advocated as a means to recognize inadequate
resuscitation and to guide treatment (see Chapter 38):
these include measurement of transcutaneous oxygen and
carbon dioxide, transconjunctival oxygen, subcutaneous
oxygen, and temperature gradients between the great toe
and ambient air.167 None has been specifically correlated
with visceral organ blood flow. An ideal situation would be
to measure indicators of ischemia for each organ.

Local measures

Recently, D(-)-lactate stemming from bacterial overgrowth
has been shown in animal models to be specific for intesti-
nal ischemia. D(-)-Lactate is produced by bacteria indige-
nous to the gastrointestinal tract, including Klebsiella,
E. coli, Lactobacillus, and Bacteroides species. Over-
production of D(-)-lactate coupled with breaches in the
integrity of the mucosal barrier likely contributes to eleva-
tion of this product in the serum.168 Although not tested in
humans, this will probably become a valuable marker of
intestinal ischemia.

Another endogenous marker potentially specific for
ischemia to an individual visceral organ is the arterial:
ketone body ratio. This is a measure of the ability of liver
mitochondria to maintain a critical level of energy produc-
tion via oxidation–reduction pathways, and it has been
used to assess postperfusion function of liver grafts.169

Recently, urine oxygen tension has been used to predict
postoperative renal function in patients undergoing
cardiac surgery.170 More study is needed to validate these
markers. A new and exciting measure of visceral organ
ischemia now in use is the monitoring of gastrointestinal
intramucosal pH (pHi) by gastric tonometry.142 It is
thought to reflect visceral organ blood flow as a whole
because of the similar responses of all visceral organs to
shock. Titration of therapy to maintain a normal pHi may
be associated with improved outcomes in some forms of
shock.171 The pHi is calculated by using the Henderson-
Hasselbalch equation from the PCO2 content obtained
from a nasogastrically placed tonometer and the bicar-
bonate concentration of an arterial blood gas.171 The valid-
ity of this measure relies on the observation that the PCO2

of a fluid placed in the lumen of a hollow viscus will rapidly
equilibrate with the PCO2 in the wall of the viscus and that
arterial and gastric cell bicarbonate levels are the same.
Although tonometrically and directly measured pHi levels
generally show good correlation in states of ischemia from
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septic shock, they may be somewhat less reliable in states
of low flow where arterial bicarbonate is not likely to
provide a true reflection of intestinal bicarbonate. The use
of gastric tonometry in the postresuscitation phase of
cardiac arrest has not been studied.

Magnetic resonance spectroscopy (MRS) is capable of
non-invasive and repetitive measurements of the relative
concentrations of different metabolites in many organs,
including the brain, heart, skeletal muscle, liver, kidney,
and intestine.172,173 With different MRS techniques these
metabolites include intracellular high-energy phosphates
and lactate. In addition, intracellular pH, free magnesium,
and intermediary metabolism can be studied. Regional
blood flow measurements with MRS are also being devel-
oped. Phosphorous MRS has been used for diagnosing
intestinal ischemia.174 This technique appears promising
for other visceral organs.

Summary

Damage produced to the visceral organs is complex. With
regard to visceral organ I/R in the setting of cardiac arrest,
the majority of the damage may take place in the postre-
suscitation phase because of ongoing occult ischemia.
Although the postresuscitation syndrome of cardiac arrest
and the MODS of other shock states are similar, it is unclear
whether a state of SIRS precedes it. Better resuscitation and
postresuscitation therapies guided by appropriate moni-
toring aimed at reducing use of vasopressors and improv-
ing postresuscitation oxygen transport may be key factors
in avoiding visceral organ damage leading to the postre-
suscitation visceral organ syndrome. Therapies that also
blunt the inflammatory mediator response need explor-
ing. To understand these issues, animal models should be
developed without regard to neurologic outcome since
once effective neuronal salvaging agents are found, MODS
will not overshadow their effectiveness.
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There are more than 300 000 victims of cardiac arrest each
year, and attempts to resuscitate them are usually unsuc-
cessful.1,2 Laboratory and clinical studies have shown that
restoration of cardiac function after cardiac arrest is
related to the level of coronary perfusion generated during
resuscitation.3–6 It has also been shown that adequate cere-
bral perfusion is necessary for preservation of brain funct-
ion.7,8 There is therefore a critical need for determining
methods to augment blood flow generated during resusci-
tation. A key factor in enhancing flow is understanding the
mechanisms of blood flow operative during chest com-
pression, since it may be possible to optimize flow by
exploiting those mechanisms.

Fluid movement in any hydraulic system results from
the interaction of a pump, or driving force for fluid move-
ment, and a load. In the intact cardiovascular system, the
pump is obviously the heart, and the load is the vascular
resistance and compliance. During resuscitation, however,
the pump and load are less well defined. Continuing con-
troversy exists over the nature of the pump operative
during chest compression.9–23 Pumps that have been pro-
posed include direct cardiac compression,19,22,24 intratho-
racic pressure rises,16,18,25 and a combination of both.15,26,27

It is important to determine the nature of the pump, since
the method of chest compression for optimizing flow may
be different depending on which pump is operative.4,15,28

For optimizing flow, it may also be important to under-
stand the effects of a number of techniques that have
been investigated which may modify the pump. These
techniques include: (a) abdominal compression,29–32

(b) airway manipulation,29,33–41 (c) circumferential chest
compression,4,28,42–45 and (d) sternal force applied during

chest relaxation (active decompression).39,46–52 A detailed
understanding of how these techniques modify the
pump to affect blood flow may facilitate development
of methods that harness the optimal features of each
technique.

In addition, the vascular load during resuscitation may
have profound effects on coronary and cerebral blood
flow.4,53–56 Increases in peripheral resistance may pref-
erentially shunt flow to the heart and brain,4,53 whereas
low peripheral resistance states may lead to vascular col-
lapse with reduction of flow.53,57 Changes in the distri-
bution of arterial compliance may also affect flow.58,59

Vasoconstrictor drugs are used routinely during resusci-
tation to increase peripheral resistance and improve
coronary flow.2 Other drugs used during resuscitation for
other indications, however, may have profound effects on
the vascular load, some of which may decrease flow.
For example, calcium and some analgesics may cause
vasodilation, which reduces peripheral resistance. Non-
pharmacologic means, such as abdominal binding, may
also change the vascular load.60 Consequently, under-
standing how the vascular load affects blood flow and how
the vascular load can be altered may be useful in deter-
mining means for optimizing flow.

This chapter deals with mechanisms of blood flow
operative during external chest compression cardiopul-
monary resuscitation (CPR), since external chest compres-
sion is not only a part of standard CPR, but also a part of the
newer forms of CPR that may replace or supplement stan-
dard CPR.4,28,49,61–63 The mechanisms discussed include the
pump, techniques that can modify the pump, and the vas-
cular load.
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Basic science

The pump

With the cardiac compression pump, it is postulated that
chest compression does not cause intrathoracic pressure
to rise. Instead, the heart (and possibly some vascular
structures) is compressed between the sternum and verte-
bral column (Fig. 16.1).22 It is presumed that blood is
squeezed from the heart into the arterial circulation during
chest compression, with the cardiac valves preventing ret-
rograde blood flow. With release of chest compression, the
heart would expand and fill with blood. Coronary flow and
cerebral flow are presumed to occur in a way similar to that
in the intact circulation.

With the intrathoracic pressure pump, it is postulated
that chest compression causes a rise in intrathoracic pres-
sure, which is transmitted to the intrathoracic vasculature
(Fig. 16.1).16,18 Intrathoracic arterial pressure is transmitted
fully to extrathoracic arteries. Intrathoracic venous pres-
sure is not, however, transmitted to the extrathoracic veins
because of the large extrathoracic venous compliance and
because of closure of venous valves (Fig. 16.2).18,26,64 This
differential transmission of intrathoracic pressure to the
extrathoracic vasculature produces extrathoracic arterial-
venous pressure gradients, which cause blood to flow out
of the thorax. With release of chest compression, intrathor-
acic pressure would fall and venous blood would return
from the periphery into the thoracic venous system.
Coronary flow, which is entirely inside the thorax, appears
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to depend on the extrathoracic arteries (Fig. 16.3).59 As
intrathoracic pressure rises during chest compression,
blood moves from intrathoracic arteries to extrathoracic
arteries. As intrathoracic pressure falls during chest relax-
ation, it appears that some blood from the extrathoracic
arteries flows retrograde into the intrathoracic arteries to
perfuse the coronary arteries.15,59,65

History

Nearly lost in the medical literature are observations by
Crile and Dolley25 in 1906 and Eisenmenger66 in the 1930s,
who demonstrated, in experimental animals with cardiac
arrest and to some extent in humans, that circulation
of blood could be achieved through fluctuations of
intrathoracic pressure. In 1960 the era of modern CPR was
begun by Kouwenhoven, Jude, and Knickerbocker.22 From
anatomic considerations it was suggested that chest com-
pression resulted in direct compression of the heart
between the sternum and the vertebral column. Later in
the 1960s, a series of investigations was performed that
demonstrated, however, that no intrathoracic arterial-
venous pressure gradient was present during external
chest compression in the dog.67,68 In addition, very high
right atrial pressures were present during external chest
compression in humans.68 If direct cardiac compression
were responsible for movement of blood, an arterial-
venous pressure gradient across the heart would be
expected. Arterial pressure should exceed venous pressure
to provide the necessary peripheral and coronary perfu-
sion pressures.

In 1976 Criley and associates observed that as long as a
patient with cardiac arrest began to cough before uncon-
sciousness occurred, the patient would not lose con-
sciousness provided that coughing at a rate of 40 to 60
times per minute was continued.9 It was suggested that
blood flow resulted from direct compression of the heart by
thoracic structures during the cough maneuver. Later,
Niemann et al. performed a series of elegant cine-
angiographic and hemodynamic studies in dogs which
demonstrated that movement of blood during the cough
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Fig. 16.2. Pressure tracing during catheter pullback in patient

undergoing chest compression. Pressure catheter was placed in

internal jugular vein and advanced into thorax. Each oscillation is

pressure recorded during each chest compression. As catheter tip

crossed thoracic inlet during pullback, amplitude of pressure

oscillations decreased substantially, indicating site of collapse.

(Reproduced with permission from ref. 18. Copyright 1980

American Heart Association.)

Fig. 16.3. Schematic of mechanism for generation of coronary

blood flow by rises in intrathoracic pressure. As intrathoracic

pressure rises during chest compression, blood moves from

intrathoracic arteries to extrathoracic arteries. Blood does not

flow into coronary arteries (CA) during chest compression

because of high intrathoracic venous pressure. As intrathoracic

pressure falls during chest relaxation, it appears that aortic valve

closes and some blood from extrathoracic arteries flows

retrograde into intrathoracic arteries to perfuse coronary arteries.
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was most likely a reflection of a rise and fall in intrathoracic
pressure.10 The cough was shown to be extremely efficient
at producing cyclic fluctuations in intrathoracic and vas-
cular pressures. 9,10,69

In 1980 Rudikoff et al. suggested that blood movement
during external chest compression CPR can be accounted
for by a general rise in intrathoracic pressure.18 This sugges-
tion was based on several observations made in patients.
First, they noted that in two patients who had traumatically
flail sternums and subsequently suffered cardiac arrest, no
measurable arterial blood pressure fluctuations or forward
carotid blood flow velocity could be generated by external
chest compression. If the chest wall was bound to prevent
the paradoxic expansion of the rest of the chest, however, a
measurable arterial blood pressure fluctuation with each
compression did occur. They reasoned that a patient with a
flail sternum should be ideally suited for direct cardiac com-
pression but that binding the chest during sternal displace-
ment would allow intrathoracic pressure to rise. Second,
they observed that the compression cycle after ventilation
was the cycle that produced the greatest pressure elevation
and the highest velocity of carotid blood flow. If cardiac
compression were the driving force for blood movement,
they reasoned that generated pressures should be lower on
the cycle after ventilation, since the sternum would be
further from the heart at the beginning of the cycle.

Thus by 1980 controversy existed as to whether the pump
operative during external chest compression was direct
cardiac compression or induced rises in intrathoracic pres-
sure. The controversy has continued, and, more recently,
investigators have suggested that both mechanisms may
be operative.26,27,65 The following discussion describes a
number of approaches that have been used in attempts to
determine more definitively the nature of the pump.

Determining the pump

Intrathoracic pressure
It seems the most straightforward way of gaining insight
into whether blood moves because of intrathoracic pres-
sure changes or through direct cardiac compression or
both would be to measure simultaneously the generated
vascular pressures and regional intrathoracic pressure. If
vascular pressures were significantly higher than
intrathoracic pressure, then rises in intrathoracic pressure
could not account for the generated vascular pressures.
There have been a number of attempts to make
such simultaneous measurements.17,19,21,29 Some investi-
gators have reported that there is a very close correlation
between the change in intrathoracic vascular pressures
and estimates of the change in intrathoracic pressure.17

Those investigators presume that changes in pressure,
rather than generated peak pressures, are important. They
reason that pressures in the various vascular compart-
ments may be different at the beginning of chest compres-
sion, and a rise in intrathoracic pressure would add to the
existing pressure. Other investigators have reported,
however, that changes in vascular pressures are much
larger than changes in intrathoracic pressure, suggesting
that intrathoracic pressure fluctuations are not primarily
responsible for generating vascular pressures.19 The fol-
lowing problems, however, make these studies difficult to
interpret: (a) use of sensors for measuring intrathoracic
pressure that had limited frequency response; (b) sensors
that required entry of pleural liquid where the pleural
liquid may not be present in sufficient volume; (c) surgical
manipulation of the chest, where a pneumothorax, or
alteration of anatomic relations, might be present; and (d)
no consensus as to what method or methods give valid
measurement of pleural pressures.

Venting intrathoracic pressure, while measuring vascu-
lar pressures before and after venting, has also been
attempted as a method for providing insight into the
driving force for blood movement. If the pressures before
and after venting were essentially the same, it could be rea-
soned that manipulation of intrathoracic pressure had
little to do with generation of vascular pressure. Based on
this reasoning, some studies were done with thoracic
venting attempted via bilateral chest tubes.21 The major
problem with these studies was that intrathoracic pressure
was incompletely vented because of sealing of the chest
tubes by the pleura,70 so that the results are questionable.

Aortic and cardiac dimensions
Another way to gain insight into the nature of the pump
operative during chest compression is to visualize changes
in aortic and cardiac dimensions. Angiograms have shown
that aortic size decreases during chest compression, rather
than increasing as would be expected if blood flow
occurred as a result of direct heart compression.14 Direct
heart compression should drive blood from the left ventri-
cle into the aorta, leading to distension, not collapse, of the
proximal aorta. Intrathoracic pressure changes, however,
would tend to reduce the size of all intrathoracic vascular
structures. One limitation of this study is that direct com-
pression of the aorta could have occurred, which could
decrease the anteroposterior dimension of the aorta.

Cardiac dimensional changes have been studied with
chronically implanted ultrasonic crystals in dogs,19 and
with echocardiography in humans.27,71–73 In dogs, certain
left ventricular dimensions were reported to decrease
during chest compression, suggesting that there is direct
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left ventricular compression leading to forward blood
flow.19 Other left ventricular dimensions, however,
increased, and total left ventricular volume was not meas-
ured. It is unclear therefore whether there was a change in
total left ventricular volume. Similar limitations in deter-
mination of left ventricular volume were present in the
echocardiographic studies of humans, also making the
results of those studies inconclusive.

Mitral valve motion
A third way that has been explored for determining the
driving force for blood movement during external chest
compression CPR has been through investigation of mitral
valve motion. It was previously shown in some prepara-
tions that the mitral and aortic valves were open during
chest compression, with the heart acting as a passive
conduit for flow.72,73 It was presumed therefore that if the
mitral valve closed during chest compression, then cardiac
compression (without rises in intrathoracic pressure) was
operative. The reasoning was that if during chest compres-
sion the left ventricular volume decreased and there were
pressure gradients from the left ventricle to the left atrium,

closing of the mitral valve during chest compression
established that direct compression of the heart was the
cause. The conclusions of those studies are problematic,
however, since (a) there is sufficient motion of the heart
that different portions of the heart may be used for volume
determinations made during chest compression and relax-
ation and (b) intrathoracic pressure was not measured. In
addition, left ventricular to left atrial pressure gradients
can be caused by “pure” rises in intrathoracic pressure.23

The ability of “pure” rises in intrathoracic pressure to
close the mitral valve was demonstrated by using large-
bore chest tubes placed into the thorax of dogs. The chest
tubes were used to cyclically inflate the thorax, while left
ventricular and left atrial pressures were measured and
echocardiograms were recorded. With the trachea open to
atmosphere during thoracic inflation, air moved out of the
lungs, and the mitral valve leaflets approximated (Fig. 16.4,
upper panels). With thoracic deflation, however, the mitral
leaflets separated widely (Fig. 16.4, lower panels). During
most of the high-pressure portion of the cycle, left ventric-
ular pressure was higher than left atrial pressure23

(Fig. 16.5a). With lung ventilation alone, however, the
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mitral valve leaflets remained separated during both inspi-
ration and expiration, and no left ventricular to left atrial
pressure gradient was present23 (Fig. 16.5b). These thoracic
inflation and lung ventilation studies demonstrate there-
fore that mitral valve motion can depend on how intrathor-
acic pressure is generated.

Some echocardiographic studies of CPR in humans have
shown that the mitral valve can be open during chest com-
pression.72,73 Since those studies tended to be late in the
course of cardiac arrest, decreases in peripheral resistance
may have strongly affected forward flow and resulting
valve motion.74 In addition, low compression rates and
increased intravascular volume are associated with more
antegrade flow through the heart during compression,
whereas higher rates and decreased intravascular volume
are associated with elimination of antegrade flow during
compression.74 In those echocardiographic studies of CPR
in humans, therefore, it is not known (a) whether the level
of intrathoracic pressure generated was insufficient to
produce significant intracardiac pressure gradients, (b)
whether the heart was simply a passive conduit for flow
produced by intrathoracic pressure changes, (c) whether
the degree of cardiac compression was insufficient to
produce mitral valve closure, (d) how the duration of
cardiac arrest affected the observed findings, (e) what the
effects of the rate of compression were, or (f) what the
effect of the intravascular volume status was. Other
echocardiographic studies in humans have shown variable
relationships between chest compression and mitral valve
motion,27 suggesting either that mitral valve motion gives
no insight into mechanisms or that the mechanisms
change during the course of chest compression.

Thus, rises in intrathoracic pressure with accompanying
lung deflation can produce higher pressures in the left ven-
tricle than in the left atrium and cause the mitral valve to
close. Cardiac compression can also cause the mitral valve
to close. Mitral valve closure during chest compression,
therefore, does not distinguish whether blood moves
because of direct cardiac compression or because of
intrathoracic pressure rises.

Effects of changes in rate and duration of compression
A fourth way that has been explored for determining the
driving force for blood movement during external chest
compression CPR has been to examine the hemodynamic
consequences of changes in applied compression rate
(cycles per minute) and compression duration (percentage
of cycle in compression). These indirect studies avoid the
problems with pleural pressure measurements and surgical
manipulation of the chest but depend on models. A math-
ematical model was developed that predicts that blood flow

caused by intrathoracic pressure fluctuations should be
insensitive to compression rate over a wide range but
should depend on the applied force and compression dura-
tion.59 With intrathoracic pressure rises, increasing the
applied force should increase generated intrathoracic pres-
sure. Blood flow should continue as the duration of com-
pression is prolonged, as long as the venous capacitance
bed is not filled with blood. If direct compression of the
heart plays a major role, however, the model predicts that
flow should depend on compression rate and force but,
above a threshold, should be insensitive to compression
duration. With cardiac compression, stroke volume should
be a function of chest compression force, and an increased
rate would cause more stroke volumes per unit time to be
pumped into the arterial bed. Prolonging compression
beyond that necessary for maximum sternal displacement
would have no effect, however, because the entire stroke
volume would be ejected as soon as maximum cardiac
compression occurred.

The model was validated for direct cardiac compression
by studying the hemodynamics of cyclic cardiac deforma-
tion following thoracotomy in dogs. As predicted by the
model, no change in myocardial or cerebral perfusion
pressures occurred when the duration of compression was
increased from 15 to 45% of the cycle at a constant rate of
60 compressions/min. There was, however, a significant
increase in perfusion pressures when the rate was
increased from 60 to 150 compressions/min at a constant
duration of 45%. The model was validated for intrathoracic
pressure changes by studying the hemodynamics pro-
duced by a circumferential thoracic vest (vest CPR). The
vest contained a bladder that was inflated and deflated.
Vest CPR changed intrathoracic pressure without direct
cardiac compression, since sternal displacement was less
than 0.8 cm and was usually away from the heart. As pre-
dicted by the model, and opposite to direct cardiac com-
pression, there was no change in perfusion pressures when
the rate was increased from 60 to 150 compressions/min at
a constant duration of 45% of the cycle.

The hemodynamic effects of changes in applied sternal
force, compression rate, and compression duration were
then studied during manual CPR in dogs (Fig. 16.6). In
these studies there was no surgical manipulation of the
chest. Myocardial and cerebral blood flows were deter-
mined with radioactive microspheres and behaved as pre-
dicted from the model of intrathoracic pressure – flow was
significantly increased when the duration of compression
was increased from short (13 to 19% of the cycle) to long (40
to 47%), at a rate of 60 compressions/min, but flow was
unchanged for an increase in rate from 60 to 150 compres-
sions/min at constant compression duration.16
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Similar results were found in patients. Taylor and associ-
ates demonstrated in humans that higher mean arterial
pressure and Doppler-estimated carotid artery blood flow
velocity were achieved by longer (50 to 60% of the cycle)
rather than shorter (30% of the cycle) chest compression
duration at constant maximum chest compression force
and compression rate.75 In that study a mechanical chest
compression device was used to control these variables
precisely. The increased compression duration itself,
rather than an increase in sternal displacement with pro-
longed compression duration, explained the increased
flow. Later studies in humans confirmed that no significant
increase occurred in sternal displacement when the com-
pression duration was increased at a constant chest com-
pression force.76 In contrast to the increase in pressures
and flows with prolonged compression duration, very little
difference in mean pressure or estimated flow occurred
with changes in rate between 40 and 80 cycles/min.

In studies of chronically instrumented dogs, faster com-
pression rates have been reported to increase blood flow,19

suggesting that cardiac compression was the driving force
for blood movement. This conclusion, however, is ques-
tionable when compression duration is also considered. In
these latter studies, rate may have been important since
compression duration and perhaps force were not con-
trolled. The time of compression at each rate appears nearly
constant, so that at higher rates, compression occurred for

an increased percentage of the cycle. Optimal cardiac
output occurred at a rate of 120 compressions/minute,
where it appears that compression was approximately 50%
of the cycle.19 Since compression force was not measured, it
is possible that some of the increase in flow reflects an
increase related to greater compression force at faster rates.

In summary, the above data suggest that generated
changes in intrathoracic pressure can move blood during
external chest compression CPR. Intrathoracic pressure
rises probably are responsible for the bulk of blood move-
ment during external chest compression. Direct cardiac
compression can, however, contribute to a variable extent.

Modifiers of the pump

Abdominal pressure
Abdominal pressure influences the intrathoracic pressure
pump directly, since manipulation of abdominal pressure
can affect the level of generated intrathoracic pres-
sure.34,53,60,77 The effect of abdominal pressure on the cardiac
compression pump is, however, less clear. Manipulation of
abdominal pressure has been studied during both chest
compression,43,53,60 and chest relaxation.63,78

Increases in abdominal pressure during chest compres-
sion have generally been accomplished by applying a cir-
cumferential binder to the abdomen.53,60 The binder
restricts movement of the thoracic contents into the
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abdomen during chest compression. As thoracic volume is
reduced by chest compression, the thoracic contents are
restricted from moving away from the compression force,
and intrathoracic pressure is augmented. Right atrial pres-
sure, however, appears to be raised excessively, which
reduces the pressure gradient from the aorta to the right
atrium.53 Since the resulting decrease in coronary blood
flow can reduce the likelihood of restoring the heart-
beat,4,53,79 abdominal binding is generally not considered a
useful adjunct to chest compression.

Application of force to the abdomen during chest relax-
ation has generally been done manually and sometimes
with a pressure measuring device.63,80 This approach has
been termed interposed abdominal compression (or
abdominal counterpulsation) CPR.63,80,81 In addition to an
increase in intrathoracic pressure, it is presumed that
abdominal compression between chest compressions can
compress the aorta and produce greater retrograde aortic
flow into the chest.65 As with intraaortic balloon pumping,
the resulting increase in aortic pressure would augment
coronary flow. Animal studies of interposed abdominal
compression have shown variable results,32,82–84 but
abdominal mechanics in humans and animals may be
quite different. In humans, direct compression of the aorta
by abdominal compression might be more effective than in
dogs. Increasing intrathoracic pressure during chest relax-
ation may prolong the duration of intrathoracic pressure,
which could augment coronary flow.16,75 Alternatively,
right atrial pressure may be raised relative to aortic pres-
sure, which could decrease coronary flow. Since hemody-
namic data in humans are not available, this approach
requires further investigation.

Airway mechanics
For the cardiac compression pump, it would be assumed
that airway mechanics are not important, since the driving
force for blood movement is thought to be determined
simply by the amount of cardiac deformation. For the
intrathoracic pressure pump, however, airway mechanics
are probably critical, since the trachea is generally not
obstructed during chest compression.

It has been shown that increasing the duration of sternal
compression maintains intrathoracic and vascular pres-
sures while augmenting flow.58,75 It has also been shown
that arterial pressure is generally higher on the first com-
pression after ventilation than on subsequent compres-
sions.18 In addition, high levels of intrathoracic pressure
and improved survival can be produced by circumferential
thoracic compressions from a pneumatic vest,4,28 and by
anterior-posterior chest compressions from a load distri-
buting band,85,86 despite an unobstructed trachea. If

the airways were open during chest compression, then
intrathoracic pressure would rise with the initial compres-
sion of the thoracic contents. Intrathoracic pressure would
subsequently fall as the lungs emptied, despite sustained
chest compression. If, however, the airways closed during
chest compression, then the lungs would not empty, and
intrathoracic pressure would remain elevated during the
period of chest compression.

It has been demonstrated that airway collapse with air
trapping does occur during chest compression, which
explains how intrathoracic pressure can be generated and
maintained despite an unobstructed airway.85,87 Air trap-
ping appears to result from vigorous chest compression,
which alters the properties of the airways, leading to their
collapse. This air trapping probably reduces the deforma-
tion of the chest wall needed to raise intrathoracic pressure
and increases the transmission of pressure to the thoracic
structures. In addition, air trapping is probably greater
when chest compressions begin at higher lung volumes,
since chest compressions after ventilation result in larger
increases in intrathoracic pressure than chest compres-
sions without prior ventilation.18,87

Three phenomena have been noted in dogs that show
that airway collapse and air trapping occur. First, with ven-
tilation just before chest compression, only a portion of the
inspired tidal volume moved out of the lungs during chest
compression (Fig. 16.7). After chest relaxation, however,
more air moved out of the lungs, indicating that a portion
of the inspired tidal volume was trapped during chest com-
pression. The trapped air was passively discharged by the
elastic recoil of the respiratory system. During cycles
without prior ventilation, the amount of air expired by
chest compression can decrease, paradoxically, at higher
levels of chest compression, indicating that air was trapped
at the higher levels. Second, with a micro-manometer
advanced 5 to 8 cm distal to the carina, a zone of high pres-
sure was noted, indicating a zone of airway collapse distal
to the carina. Withdrawal of the catheter only a few cen-
timeters caused a marked decrease in the recorded phasic
pressure changes, again indicating that there was a locus of
constriction or collapse approximately 4 to 6 cm distal to
the carina, in small or medium airways. Finally, the site of
collapse was directly visualized with cineradiography
during chest compression, by instillation of contrast into
the airway (Fig. 16.8). The collapse site was found to be
coincident with the site in the airway where the large
phasic changes in airway pressure were noted.

Airway manipulation
Positive airway pressure administered simultaneously with
chest compression has been used to augment intrathoracic
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Fig. 16.8. Cineradiograms of airways during vest deflation. Left frame was taken just as vest deflation

started. Airway collapse is noted by arrow. Airway bifurcates (b) distal to collapse site. Center frame was

taken 17 milliseconds later and shows airway partially open (arrow). Right frame was taken another 17

milliseconds later and shows airway fully open. Bipolar electrode catheter (c) is in right ventricle and is

approximately 2 mm in diameter. (Reproduced with permission from ref. 87. Copyright 1989 American

Heart Association.)



pressure directly and has been termed simultaneous
compression-ventilation CPR.29,34,53,77 As with airway col-
lapse, the mechanism for augmentation of intrathoracic
pressure is the elimination of expiratory airflow during
chest compression. The requirement of endotracheal intu-
bation and a device to administer simultaneous compres-
sion and high-pressure ventilation, however, has limited
use of this technique.

Obstruction of the airway with a valve has also been used
to augment intrathoracic pressure.88 The valve is generally
closed during chest compression, and the mechanism of
action appears to be similar to that of airway collapse. The
contribution of this airway obstruction over that of intrin-
sic airway collapse is unknown.

Negative airway pressure has been administered during
chest relaxation to produce negative intrathoracic pres-
sure.29,38,40,89 It was suggested that negative intrathoracic
pressure, between chest compressions, would augment
venous return and thereby augment forward flow.

Circumferential chest compression
Circumferential chest compression has been studied as a
more effective way of generating intrathoracic pressure
fluctuations4,65 and is generally accomplished with a pneu-
matic vest.28,90 The vest contains a bladder that is cyclically
inflated and deflated. The increased intrathoracic pressure
fluctuations appear to be mediated through increased
reduction of thoracic volume and through increased air
trapping.87 In addition, chest compression force is substan-
tially higher than that used with standard manual CPR,
since the force is distributed around the thorax.28 The
increased chest compression force would raise intrathor-
acic pressure in relation to the reduction in thoracic
volume, assuming air trapping occurred. By reducing expir-
atory airflow, air trapping could also increase the efficiency
with which vest pressure is transmitted to the intrathoracic
space. Any decrease in expiratory airflow would reduce the
amount of chest deformation at any level of vest pressure.
At the reduced amount of chest deformation, less of the
force applied to the chest would be needed to compress the
elastic structures of the thorax, resulting in greater trans-
mission of vest pressure to the intrathoracic space.

Load distributing band
The load distributing band is an evolution of the circumfer-
ential vest compression concept.85,91 With the load distrib-
uting band system, an electromechanical band is placed
around the chest and the band is tightened and loosened by
a rotating motor that is contained in a backboard assembly.
The band system produces anterior-posterior chest com-
pressions, but distributes the chest compression force over

the entire anterior chest.85,91 Similar airway collapse has
been noted with the band system as with the circumferen-
tial chest compression system.85,87

Active chest decompression
Active, rather than passive, decompression of the chest has
been reported to augment vascular pressures48,92, and
return of spontaneous circulation.46,93 The technique has
been termed active compression–decompression CPR and
utilizes a suction-cup device to pull up on the chest during
chest relaxation (see Chapter 31). The mechanisms oper-
ative during active decompressions have not been deter-
mined, but such active decompressions could result in
greater chest expansion and filling with air between com-
pressions. The amount of air trapped in the lungs could
thereby be increased, which could augment the generated
intrathoracic pressure.87 In addition, active decompressions
could induce negative intrathoracic pressure between com-
pressions, which could augment venous return. Increased
venous return could enhance the forward flow produced by
cardiac compression or by intrathoracic pressure fluctu-
ations. Few data sources are available, however, on the level
of chest compression force used with this technique, so it is
not known if the reported benefit for active decompression
CPR results simply from an increased total force (peak com-
pression to peak decompression force) applied to the chest.
For example, if a 400-newton compression force and a 100-
newton decompression force were applied to the chest, is it
equivalent to simply applying 500-newtons of compression
force, or does the decompression force have unique physio-
logic effects that improve blood flow? Results of studies to
date have not resolved these issues.

The device used to apply the active compressions and
decompressions36 may also give the rescuer a mechanical
advantage in performing chest compression, which could
result in substantially higher sternal forces being applied
than with standard manual CPR. These increased forces
could augment the generated intrathoracic pressure or
enhance cardiac compression, which could increase short-
term survival. Trauma, however, could reduce long-term
survival.

Impedance threshold device
This device is placed in the airway circuit and is used to
impede the flow of air into the chest during chest decom-
pression, thereby producing a particular level of negative
intrathoracic pressure. This device has allowed the use of
negative intrathoracic pressure between chest compres-
sions to come into clinical use,36,38,40,89,94 and improve-
ments in hemodynamics and short-term survival have
been reported with this device.39,41
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The load

As with the intact circulation, the vascular load during
external chest compression is probably the arterial resist-
ance and compliance. Their values during CPR may,
however, differ substantially from those of the intact circu-
lation because of changes in neural-humoral conditions,
ischemia, administered drugs, and mechanical maneuvers
such as applying pressure to the abdomen.

Arterial resistance

The arterial (peripheral) resistance appears to be the most
critical loading factor that influences coronary and cere-
bral flow. Numerous studies have shown that administer-
ing drugs that increase peripheral resistance increases
coronary perfusion pressure, cerebral and coronary
blood flow (Fig. 16.9), and return of spontaneous circ-
ulation.4,53,54,56,95–100 These improvements were present
regardless of the type of CPR performed. Because of the
difficulty in making direct measurements in humans, both
electrical and mathematic models have been developed to
study the hemodynamic effects of changes in peripheral
resistance.58,59,101 These models predict increases in cere-
bral and myocardial flows similar to those that have been
measured experimentally. One extensively validated
model59 predicts that increased peripheral resistance
improves myocardial and cerebral blood flow because of
an increase in the mean aortic pressure during chest com-
pression. The increased peripheral resistance probably
decreases the runoff of blood into the periphery during

chest compression, maintaining higher levels of aortic
pressure, regardless of the nature of the pump.

Increasing peripheral resistance may not, however, have
equivalent effects on the coronary flow produced by differ-
ent CPR techniques. One study in pigs showed that active
decompression CPR produced more coronary blood flow
than standard CPR when vasoconstrictors were not used48

but showed no difference in coronary flow when vasocon-
strictors were used. The vasoconstrictors increased the
coronary flow produced by standard CPR more than that
produced by active decompression CPR, so that both flows
became similar.48 The mechanisms causing these differ-
ences are unknown, since it is assumed that peripheral
resistance was increased an equivalent amount by the
vasoconstrictors with each technique.

In contrast to the increase in cerebral and myocardial
flow with increased peripheral resistance, there appears to
be a paradoxical fall in cardiac output.102 This fall in
cardiac output is most consistent with the intrathoracic
pressure pump as the driving force for blood movement.
With a fixed level of intrathoracic pressure determining
vascular pressure, cardiac output would be inversely
related to peripheral resistance, because the mean pres-
sure across the vascular bed would be equal to the mean
flow through the bed times the resistance of the bed.103 It
would be expected therefore that with use of vasocon-
strictors, cardiac output would fall as peripheral resist-
ance rises, since the driving pressure would not change.
Because myocardial blood flow during CPR is a major
determinant of survival from cardiac arrest,3,4 it is pos-
sible that with the periodic use of epinephrine, changes in
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cardiac output may be uncoupled with changes in coro-
nary blood flow, so that cardiac output would have no cor-
relation with survival. Consequently, indicators of cardiac
output, such as end-tidal CO2 measurements, may be very
limited in their utility as indicators of the efficacy of CPR.

Arterial compliance

The distribution of arterial compliance (intrathoracic
versus extrathoracic) also appears to be an important
determinant of myocardial blood flow.58,59 This effect was
predicted by at least two cardiovascular models58,59 and is
consistent with the intrathoracic pressure pump as the
driving force for blood movement. With the intrathoracic
pressure pump, intrathoracic pressure appears to be
transmitted to the intrathoracic arteries collectively, so
that all of the intrathoracic arteries can be represented by
a single compliance. The extrathoracic arteries can also be
represented by a single compliance. On the basis of using
these two compliances, the models predict that coronary
blood flow will be maximized when the intrathoracic arte-
rial compliance is minimized (Fig. 16.10). The mechan-
isms appear to be related to bidirectional arterial flow (Fig.
16.3). During chest compression, blood will move from
intrathoracic arteries to extrathoracic arteries. During

chest relaxation, however, some blood will move retro-
grade from the extrathoracic arteries back into the
intrathoracic arteries to perfuse the coronary arteries. The
less compliant are the intrathoracic arteries, the higher
will be the aortic relaxation-phase pressure. If the
intrathoracic arteries were very compliant, however, a
greater volume of blood would be needed to fill these
arteries immediately after release of chest compression, to
maintain aortic relaxation-phase pressure – the intrathor-
acic arteries would have collapsed more during compres-
sion. Thus, if intrathoracic arterial compliance is small,
blood returning to the thoracic arteries during chest relax-
ation quickly fills the arterial bed and improves myocar-
dial blood flow. For the cardiac compression pump
mechanism, however, the distribution of arterial compli-
ance is probably less important.

Despite the possible importance of the distribution of
arterial compliance (intrathoracic versus extrathoracic) in
determining blood flow, this compliance distribution
cannot be measured directly in intact animal preparations
or in humans. Therefore, computer models have been used
to show that the ratio of mean aortic relaxation-phase pres-
sure to mean aortic compression-phase pressure (pressure
ratio) can be used as an index of the distribution of arterial
compliance between the extrathoracic and intrathoracic
compartments.59 There is an excellent correlation (r 
 .99)
between this ratio and the ratio of extrathoracic to total
arterial compliance. This pressure ratio was found to be a
potent predictor of coronary blood flow in a canine model
of cardiac arrest.59

Abdominal pressure

In addition to the effect of abdominal pressure on the
level of generated vascular pressure, abdominal pressure
appears also to be a factor in changing the vascular load.
Abdominal binding, which reduces coronary blood flow,53

increases abdominal pressure during chest compres-
sion.34,53 The cardiovascular model59 confirms that as the
level of abdominal pressure increases, the generated
myocardial flow decreases (r 
 .99) (Fig. 16.11). The
mechanism of reduction of coronary blood flow with
increased abdominal pressure appears to be through a
reduction in the effective extrathoracic arterial compli-
ance. The reduced extrathoracic arterial compliance
would limit the amount of blood stored in extrathoracic
arteries during chest compression, so that less blood
could flow retrograde during chest relaxation to perfuse
the coronary arteries. In addition, increased abdominal
pressure could alter the distribution of intravascular
volume or resistance.

338 H.R. Halperin

100

80

60

40

20

0
0.0 0.1 0.2 0.3 0.4

Compliance ratio

M
yo

ca
rd

ia
l b

lo
o

d
 f

lo
w

Volume pump
Pressure pump

0.5 0.6 0.7 0.8

Fig. 16.10. Predicted effect of compliance ratio (ratio of

extrathoracic to total arterial compliance) on myocardial blood

flow for two different models of blood movement in CPR. For

volume pump (cardiac compression), there is little effect of

compliance ratio on myocardial blood flow. For pressure pump

(intrathoracic pressure), however, there is a linear increase in

myocardial flow with increasing compliance ratio. These data are

predictions from a mathematic model of CPR (see text).



Therapy

The goal of external chest compression CPR, after defibril-
lation fails or is not indicated, is to maximize the generated
coronary and cerebral blood flow. Restoration of native
cardiac activity and preservation of brain function are
directly related to these flows. Cerebral and coronary flows
should be maximized by optimizing the driving force for
blood movement and the loading conditions.

Optimizing the pump

For intrathoracic pressure fluctuations, the amount of thor-
acic volume reduction produced by chest compression
appears to be critical. By Boyle’s law, the more the chest
volume is reduced, the more the intrathoracic pressure will
rise. In current clinical practice, chest volume is reduced by
the standard anteroposterior sternal displacement tech-
nique(seeChapter30),althoughothertechniquesarebeing
studied that may prove to be more effective.28,40,61,85 For
maximizing cardiac compression, however, the amount of
thoracic volume reduction is probably not important. The
major determinant of cardiac compression is probably the
amount of anteroposterior chest displacement, although
the exact determinants of cardiac compression are
unknown. Whether the driving force for blood movement is
intrathoracic pressure fluctuations or direct cardiac com-
pression, the amount of chest compression is a critical deter-
minant of flow (Fig. 16.12), and the quality of chest
compression will probably be a major factor in the effective-
ness of CPR.

The ability of even properly performed chest compres-
sions to generate adequate levels of intrathoracic pressure
or cardiac compression is probably marginal, since only
about 15% of cardiac arrest victims survive. Nevertheless,
external chest compression is the only technique for CPR
that is widely available, and many lives are saved each year
by standard CPR. Proper chest compression requires that
the arms are locked relatively straight (see Chapter 30) and
that the whole body is used in the compressions. Often, just
the arms are used for chest compression, which is extremely
tiring and probably will not generate sufficient compres-
sion force.

Although the amount of chest compression force or dis-
placement appears to be a major determinant of the level
of generated vascular pressure,16 chest compression has to
be applied at the optimal rate and compression duration
(Fig. 16.6). Blood flow from intrathoracic pressure fluctu-
ations should be insensitive to rate over a wide range but
dependent on the compression duration.16,59,75 If direct
compression of the heart plays a major role, however, flow

should depend on rate but, above a threshold, should be
insensitive to compression duration. The current recom-
mendation of a rate of 80 to 100 compressions/minute
probably maximizes blood flow from either pump. At that
rate, the compression duration tends to be around 50%,19

which is optimal for blood movement by intrathoracic
pressure fluctuations,59 and the rate of 80 to 100 compres-
sions/minute is near the maximum that can be adminis-
tered for any length of time by a rescuer, and would
maximize the number of stroke volumes delivered to the
circulation by a cardiac compression pump.59

The level of generated vascular pressures is likely to be
affected by techniques that modify the pump, including
abdominal compression,63,80 airway manipulations,34,40,43

circumferential chest compression,4,28 load distributing
band chest compression,85,91 and active decompression.50,51

The efficacy of abdominal compression, circumferential
chest compression, load distributing band chest compres-
sion, and active chest decompression has not been defini-
tively determined, so that their use in routine practice
should be considered only when personnel are available
who have been adequately trained in their use. Airway infla-
tion between chest compressions should, however, be con-
sidered for routine use at this time. This airway inflation is
used for ventilation, but it can also augment vascular pres-
sures generated by the intrathoracic pressure pump. Lung
inflation before chest compression can increase the amount
of air trapped in the lungs during chest compression,87

thereby augmenting the generated intrathoracic and vascu-
lar pressures and improving the efficacy of CPR.
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Optimizing the vascular load

The peripheral resistance is probably the component of the
vascular load that has the largest effect on blood flow.
Numerous studies have shown that vascular pressures are
augmented and produce increased flow to the heart muscle
and brain when vasoconstrictors are used.3,4,48,54,56,100,102 This
increased flow appears to be mediated through a-adrener-
gic agonism,96–98 which increases peripheral resistance and
decreases runoff of blood to the periphery. Decreased runoff

slows decay of arterial pressure during the release phase of
chest compression, thereby raising aortic pressure, myocar-
dial perfusion pressure (aortic minus right atrial mean
release phase pressure), and cerebral perfusion pressure
(carotid minus intracranial mean pressure).

The vasoconstrictor most commonly used today is epi-
nephrine, which has both �- and �-agonist effects. It is clear
that the �-agonist effects are responsible for improvement
in vital organ flows (Fig. 16.9). The utility of the �-agonist
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effects, however, is controversial. Some investigators believe
that �-agonism is detrimental because of increased myocar-
dial work,96,100 whereas others believe that �-agonism is
beneficial by increasing inotropy.96 The efficacy of epineph-
rine compared with other vasoconstrictors remains to be
determined. Higher doses of epinephrine have, however,
been found to be toxic104 and are no longer recommended.

In contrast to increasing blood flow to the myocardium
and brain, increased peripheral resistance can reduce total
cardiac output. Cardiac output is reduced because the
increases in peripheral resistance are greater than the
increases in generated vascular pressures that are sec-
ondary to the increases in peripheral resistance.102 This
decreased cardiac output can explain the observation that
end-tidal CO2 can decrease with increased doses of
epinephrine.102 End-tidal CO2 has been studied as a non-
invasive method of determining the adequacy of resuscita-
tion, since it appears to correlate with cardiac output and
resuscitation success in some circumstances.105

In addition to the effects of vascular resistance and com-
pliance on blood flow during CPR, it appears that the
volume status contributes independently. If excessive
volume is present in the vascular spaces during CPR, the
venous pressures tend to be elevated during the release
phase of chest compression, which can reduce the coro-
nary perfusion pressure.106 This finding strongly suggests
that excessive volume should not be infused during
resuscitation. If insufficient volume is present, however,
forward flow appears to be compromised by inducing
arterial collapse. Selective arterial infusion does appear to
be of potential value in reversing this arterial collapse.107

In summary with what is currently known, the factors
that appear to have the most influence on generating blood
flow by external chest compression are (a) maximizing the
amount of chest compression and (b) using the proper
doses of vasoconstrictors. Maximization of chest compres-
sion force includes using the proper sternal force, as well as
minimizing interruptions in the application of force. With
standard external chest compression, the type of pump
operative probably is not important, since standard exter-
nal chest compression does not allow selection of a particu-
lar mechanism over that which occurs naturally.

The future

Determining the pump

Controversy continues about the nature of the pump oper-
ative during external chest compression. Future studies
could potentially help resolve this controversy, but it now

seems that the driving force for blood flow produced by
standard external chest compression is some combination
of intrathoracic pressure fluctuations and direct cardiac
compression. Although standard external chest compres-
sion does not appear to allow selective utilization of
intrathoracic pressure or cardiac compression, it is likely
that more clever ways of applying force to the patient will
be developed in the future, based on exploiting specific
mechanisms.

By its more directed application of force, cardiac com-
pression is probably more potent than intrathoracic pres-
sure fluctuations in moving blood for a given amount of
pressure rise. It remains to be determined, however,
whether external CPR can compress the heart the large
amount necessary to generate adequate vascular pres-
sures.16 It is also unclear how cardiac compression can
specifically be augmented during non-invasive CPR, since
the determinants of cardiac compression have not been
defined. These issues could potentially be clarified with
further research.

Improving standard chest compression

One simple way of potentially increasing blood flow would
be to increase the amount of chest compression force and
displacement. There is clearly a minimum amount of chest
compression force that has to be applied to generate blood
flow16 (Fig. 16.12). It is very likely, therefore, that ineffective
CPR occurs because inadequate chest compression force is
applied. In routine clinical practice, there is no objective
way for a rescuer to determine if adequate chest compres-
sion is applied. The American Heart Association recom-
mends that there should be 1.5 to 2 inches of chest
displacement during chest compression,2 but it is not
known whether that amount of chest compression is
applied routinely or whether that amount of compression is
optimal. More emphasis should be placed on ensuring that
adequate chest compression is performed. This could
consist of more training. Retention of trained skills is
limited, however, and even well-trained rescuers have no
objective way of judging whether they are performing chest
compressions adequately. The widespread use of gauges or
other measuring aids may increase the likelihood that chest
compression is performed properly. Although it is probably
true that “any CPR” (i.e., any blood flow) is better than no
CPR, the available data suggest very strongly that better CPR
(i.e., CPR that generates more blood flow) will improve sur-
vival.3,4,16,53 There is little chance that ischemia will be
relieved, or that drugs will be delivered adequately, if blood
flow is insufficient. Increasing the level of chest compres-
sion beyond that normally used may improve blood flow
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and survival. It has not been determined, however, whether
increased sternal force would have a greater effect on
improving blood flow and enhancing survival or on increas-
ing trauma and limiting survival. External chest compres-
sion could also be modified by altering the point or points of
force application and the rate of the force rise. Studies
should be performed to investigate the influence of changes
in chest compression force on blood flow and survival.

Alternative compression techniques

Understanding the mechanisms of blood flow during
external chest compression is probably most important for
development of improved compression techniques, since
they can be aimed at exploiting specific mechanisms.

Circumferential chest compressions (vest CPR)28 may be
a more efficient way of generating vascular pressures and
flow, because the amount of reduction in thoracic volume
is critical for generation of intrathoracic pressure rises.
There is a geometric advantage in reducing thoracic
volume by a circumferential, rather than a point, compres-
sion, since the volume will decrease roughly as the square
of the decrease in radius. The circumferential compression
may also allow increased force to be used because the force
is distributed over a much larger area than it is with stand-
ard external chest compression. Since only preliminary
data are available, however, the role of vest CPR in treating
cardiac arrest remains to be determined.

Chest compressions with the Load Distributing Band
system85,91 may be a more practical way of improving
chest compression than the Vest CPR System. The Load
Distributing Band system is much more compact than the
Vest CPR system and applies forces to the entire anterior
chest. Hemodynamic results with the Load Distributing
Band system seem to be similar to those with the Vest CPR
System.28,85,91

Intrathoracic pressure changes could also be enhanced
through increased air trapping, which could be achieved
by ventilation before each chest compression or through
active chest decompressions.46,51 The active decompres-
sions could result in greater chest expansion and filling
with air between compressions, so that the next compres-
sion results in a greater rise in intrathoracic pressure and
increased flow. In addition, the impedance threshold
device can be used to enhance negative intrathoracic pres-
sure changes in between chest compressions,41 that may
augment venous return and aid either the intrathoracic
pressure or cardiac compression pumps.

Last, application of force to the abdomen during chest
relaxation may augment vascular pressure.63,80 Animal
studies of such abdominal compression have shown

variable results, and few objective hemodynamic data are
available in humans. Further studies of these techniques
are therefore needed.

Improved adjuncts

The efficacy of CPR may be improved by using drugs or
mechanical techniques to modify the pump or the load.
Such interventions could potentially increase peripheral
resistance to levels higher than currently achieved, favor-
ably alter the distribution of arterial compliance (intratho-
racic versus extrathoracic), increase air trapping, and
augment venous return.

It is possible that peripheral resistance could be
increased to higher levels by using increased doses of epi-
nephrine or by using other vasoconstrictor drugs. Clearly
the �-agonist effects of epinephrine increase peripheral
resistance.97,98 There is controversy, however, about the
utility of the �-agonist effects. Some investigators believe
that �-agonism is detrimental because of increased
myocardial work,100,108 whereas others believe that
�-agonism is beneficial by increasing inotropy.96 Increased
doses of epinephrine likely have direct toxic effects on
tissues, may exacerbate ischemic damage to other tissues
by shunting blood away from them, and are no longer rec-
ommended for general clinical use.104 The roles of other
vasoconstrictor drugs, however, have not been resolved.
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Stroke volume and cardiac output

Each ventricle normally ejects approximately 70–75 ml
with each heart beat (the stroke volume) at a rate of
approximately 70 beats per minute, resulting in a cardiac
output of approximately 5 litres per minute.

Stroke volume is determined by:
1. the intrinsic contractile properties of the heart (which

are modified by the effects of ischemia, by circulating
hormones, and by autonomic stimulation);

2. the degree of stretch of the left ventricle during diastole,
i.e., its “preload” (the Frank–Starling phenomenon).
This in turn is dependent on:
(a) total blood volume,
(b) venous tone, which determines the distribution

of blood volume between the venous and central
compartments

(c) left ventricular compliance – determined by intrin-
sic left ventricular myocardial compliance, and in
some circumstances by external constraint from the
right ventricle, pericardium, and mediastinal struc-
tures (see later)

3. The “Afterload” against which the heart contracts. When
the heart contracts against a high afterload, stroke
volume tends to fall.

Arterial physiology and hemodynamics

Small arteries and arterioles

Mean arterial blood pressure (2⁄3 diastolic BP� 1⁄3 systolic
BP) is the product of cardiac output and systemic vascular

resistance. Systemic vascular resistance is a static resist-
ance, principally determined by the tone of arterioles. This
tone is controlled by humoral and neural factors (particu-
larly sympathetic tone)1 and by paracrine factors (including
nitric oxide, prostaglandins, endothelium-derived hyper-
polarizing factor, and endothelin).2 Systemic vascular
resistance represents the global resistance produced by
small artery and arteriolar tone. At a local level, changes in
resistance vessel tone modulate tissue perfusion.

Large arteries

The large arteries are more than simply passive conduits.
The fixed and dynamic properties of the large arteries pro-
foundly affect blood pressure and left ventricular perform-
ance. In healthy young subjects the large arteries (such as
the aorta, and iliac vessels) are very compliant and exert a
damping effect on pulsatile left ventricular outflow, result-
ing in a relatively lower systolic pressure and a higher dias-
tolic pressure. Aging of the large arteries renders them less
compliant, impairing this damping function and resulting
in relatively higher systolic and lower diastolic blood pres-
sures for any given mean blood pressure. Furthermore, in
the elderly, central aortic pressure is augmented by pres-
sure wave reflection from the periphery. Following left ven-
tricular ejection there is a forward travelling pressure wave
which is then reflected back from branch sites (where there
is impedance mismatch). In healthy young arteries the
pressure wave travels relatively slowly and returns to the
aorta in diastole, where it helps to maintain diastolic pres-
sure and flow, whereas in stiffer elderly arteries it travels
more rapidly, returning to the central aorta in systole, aug-
menting the systolic pressure.3
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In summary, whereas the arterioles modulate static
resistance, the properties of the large arteries determine
dynamic impedance, which is analogous to resistance but
relates to pulsatile rather than to steady flow.

Venous capacitance

The capacitance vessels serve a reservoir function. Over
70% of total blood volume is located in the venous com-
partment. Of this, the vast majority is in the small veins
and venules, with the minority in the medium sized and
large veins. Because of the large volume of blood within
the venous compartment, relatively small changes in
venous tone markedly alter the distribution of blood
volume. An increase in venous tone shifts blood from the
venous compartment to the heart, increasing intracardiac
pressures, whereas a reduction in venous tone has the
opposite effect. In patients with heart failure, for example,
diuretic treatment may reduce total blood volume yet
central blood volume (and jugular venous pressure) may
remain high because of venoconstriction. Unlike the
arteries, the venous system exerts only a modest resist-
ance to blood flow.

Coronary blood flow

Whereas flow in most organs occurs predominantly in
systole, flow in the coronary arteries occurs mainly during
diastole.4 The high pressures generated in the left ventricle
during systole impede flow through the intramural micro-
vessels (i.e., coronary vascular resistance rises markedly
during systole) by generating a backward travelling com-
pression wave, and forward flow in the coronary arteries
during the latter part of isovolumic relaxation is mainly a
“suction” phenomenon due to rapid relaxation of the left
ventricle, with an associated rapid reduction in the pres-
sure within the intramural coronary microvessels.5

Compared with other tissues, the perfusion gradient
across the heart is smaller. Because flow occurs in diastole,
the upstream pressure is aortic diastolic rather than mean
pressure. Furthermore, although the coronary sinus drains
into the right atrium, coronary microvascular pressure is
markedly influenced by left ventricular diastolic pressure,
which is usually substantially higher than right atrial pres-
sure. The perfusion of the heart may be compromised by a
reduction in aortic diastolic pressure, the presence of
stenoses in the epicardial coronary arteries, an increase in
coronary microvascular resistance, or an increase in left
ventricular end diastolic pressure.

Hemodynamic changes occurring following
cardiac arrest

Most of the experimental studies published have examined
the hemodynamic changes occurring after the onset
of ventricular fibrillation (VF). VF results in totally incoor-
dinate ventricular activity, with effective cessation of ven-
tricular contraction. Interestingly, as first described by
William Harvey,6 atrial contractions may continue for a
considerable period after the onset of cardiac arrest. The
effects of these atrial contractions may be evident in the
aortic pressure tracing (Fig. 17.1).

At the instant of cardiac arrest, a large pressure gradient
exists between the central aorta (mean arterial pressure)
and the right side of the heart. Despite cessation of ven-
tricular contraction, this pressure gradient drives ante-
grade blood flow which will continue until the pressure
gradient has been completely dissipated. Direct visual
inspection and cardiac MRI studies have shown a rapid
increase in right ventricular volume following cardiac
arrest, as blood is translocated from the systemic circula-
tion to the right side of the heart along its pressure gradi-
ent (Fig. 17.2).7,8 There is also a pressure gradient between
pulmonary artery and left atrium, and flow therefore con-
tinues through the pulmonary circulation to dissipate this
gradient. When these pressures equalise, this flow ceases
and the pulmonary vasculature including the extraperi-
cardial component of the pulmonary veins is distended
with blood (Fig. 17.3). The theoretical pressure at which
the pressures converge throughout the circulation was
termed “Statischer Fullungsdruck” by Weber in 1851,9 or
“Static Blood Pressure” by Starr in 1940.10 Guyton pro-
posed that arterial and systemic venous pressure would
almost reach equilibrium (at a pressure he called “Mean
Circulatory Filling Pressure”) 30–50 seconds after the
heart stopped beating.11 This equilibrium pressure is
determined by total blood volume and by total vascular
“capacitance” (of which venous capacitance provides the
largest contribution). Consequently, this concept has
been used by physiologists to assess the effects of inter-
ventions on venous capacitance in animal models. Mean
circulatory filling pressure is estimated during brief
induced ventricular fibrillation. As blood pressure falls
however, baroreflex inactivation may be expected to
increase sympathetic outflow, increasing venous tone
and leading to an equilibrium pressure which overesti-
mates the venous tone that existed prior to cardiac arrest.
Consequently, some groups have calculated a theoretical
equilibrium pressure on the basis of the pressure changes
in the arteries and veins occurring during the first few
seconds after onset of VF.12 Postmortem studies have
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shown an equilibrium pressure in human corpses (well
after death) of approximately 6 mmHg.10

Studies in animals and in man have shown that the
decay in arterial pressure and the increase in venous pres-
sure does not conform to a single mono-exponential func-
tion.8,13 Schipke and colleagues recently studied patients
with heart failure who had undergone implantation of an
automatic implantable cardioverter defibrillator (AICD).13

Ventricular fibrillation was induced in order to assess the
defibrillation threshold. Haemodynamic changes were
assessed during an average of 13 seconds of VF. In a sub-
group, the duration of VF was over 20 seconds. The aver-
aged data for this subgroup is shown in Fig. 17.4. As
expected, LV and aortic pressure were almost identical, and
both decayed rapidly. Right atrial pressure increased
rapidly. Nevertheless, even at 20 seconds an arteriovenous
pressure gradient of almost 10 mmHg persisted. It is clear
from the data that Guyton’s prediction that an equilibrium
pressure would exist throughout the circulation in 30–50
seconds is not correct. This study showed that the decay in
arterial pressure and the increase in right arterial pressures
both conformed best to exponential curves. Exponential
curves should approach an equilibrium at five times the
time constant of the curve. During the first few seconds
the time constant of the arterial pressure decay was

2.9 seconds – which would have predicted a plateau at
approximately 14.5 seconds, yet this was not seen. The
reason is that the time constraint of the exponential decay
progressively lengthened. Why might this be so? First,
hypotension-induced baroreflex withdrawal would be
expected to increase sympathetic outflow, and indeed
a marked increase in sympathetic circulating cate-
cholamines of adrenal, and to a lesser extent neural, origin
has been reported after cardiac arrest.14–16 This would be
expected to increase arteriolar tone and also to increase
venous tone. Secondly, it may be due to “waterfall” phe-
nomena. As arterial pressure falls, some microvascular
beds may close down, resulting in a net increase in vascu-
lar resistance. In anesthetised dogs a “waterfall” has also
been demonstrated in the inferior vena cava at the level of
the diaphragm.17 However, no significant inferior vena
cava waterfall was demonstrated at the level of the
diaphragm before or during VF in humans.12

Steen and colleagues studied the hemodynamic changes
occurring in anesthetised pigs during much longer periods
of VF.8 A typical example of the changes in arterial and right
atrial pressures occurring after the onset of VF in non-
ventilated pigs is shown in Fig. 17.5. The first 20 seconds of
this recording are very similar to the human data reported
by Schipke et al.13 There is an early progressive reduction of
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aortic pressure, reaching a minimum of 20 mmHg after
about 30 seconds. Aortic pressure then increases slightly to
about 25 mmHg at 2 minutes, thereafter gradually decreas-
ing over the next 5 minutes to approximately 10 mmHg.
Right atrial pressure increases gradually after induction of
VF, reaching a peak of about 18 mmHg after 2 min, decreas-
ing thereafter to approximate aortic pressure by about
7 min. Mean circulatory filling pressure at this point is
approximately 9 mmHg.

These findings cannot be explained purely by a “water-
fall” effect. The increase in arterial pressure between
30 seconds and 2 minutes is probably related to transient
sympathetically mediated vascular constriction. As the
brainstem becomes more ischemic this sympathetic
outflow is presumably reduced again, resulting in a fall in
both arteriolar resistance and venous tone and a decline in
both aortic and right atrial pressures.

Carotid blood flow changes following 
VF cardiac arrest

Figure 17.6 shows the changes in carotid blood flow
following VF cardiac arrest in the anesthetised non-
ventilated pig. Carotid blood flow declines exponentially
after the onset of VF, but measurable carotid blood flow
continues for approximately 4 minutes.

Coronary blood flow changes following 
VF cardiac arrest

The gradient between aorta and right atrium is often
referred to as the “coronary perfusion pressure,” i.e., the
gradient during coronary blood flow during cardiac arrest.
A “coronary perfusion pressure” of less than 15 mmHg
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Fig. 17.2. External appearance of the heart following VF Cardiac Arrest in Pig Model. The right

ventricular volume rapidly increases as blood flows from the aorta to the right heart. (Reproduced with

permission from Resuscitation.8)



during the release phase of CPR has been shown to be a
good predictor that recovery of spontaneous circula-
tion (ROSC) is unlikely in both humans and in animal
models.18,19 It has been assumed in the past that this
was because, below this “coronary perfusion pressure,”
myocardial perfusion was totally inadequate to support

recovery of myocardial function after restoration of electri-
cal activity.

In fact, the changes in coronary blood flow and of carotid
blood flow following VF cardiac arrest without CPR do not
parallel each other in the anesthetised non-ventilated pig
model. As shown in Fig. 17.7, coronary blood flow rapidly
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Fig. 17.3. MRI of pig heart following VF cardiac arrest. The extrapericardial component of the pulmonary vein becomes distended. 

(S. Steen – unpublished data.)
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declines to zero by 1 minute. For the next 2 minutes, coro-
nary blood flow is retrograde before declining again to zero.

These observations, suggest that the term “coronary per-
fusion pressure” may be misleading, because “coronary
perfusion pressure” is positive during this period when
coronary flow is retrograde. Although the coronary sinus
drains into the right atrium and therefore the aortic minus
right atrial pressure gradient might be expected to deter-
mine coronary blood flow, the intramural coronary
microvascular pressure is also profoundly influenced by
the left ventricular intracavity pressure. The conventional
“coronary perfusion pressure” therefore provides an over-
estimate of the actual pressure gradient driving coronary
blood flow – explaining the observations above.

Hemodynamics during cardiopulmonary
resuscitation

How does CPR eject blood into the aorta?

Closed chest CPR results in phasic blood flow. There has
been considerable controversy regarding the mechanisms

responsible for this forward blood flow. According to the
“cardiac compression theory,” direct compression of the
left and right ventricles between the sternum and vertebral
column creates a pressure gradient between the ventricle
and the aorta (or pulmonary artery in the case of the right
ventricle). This pressure gradient closes the mitral (and tri-
cuspid) valve and ejects blood forward out of the ventricle.
According to this paradigm, the ventricle then refills during
the decompression phase. The theory was proposed by
Kouwenhoven and colleagues.20 This view was essentially
unchallenged until the 1970s. In 1976, Criley and colleagues
described the phenomenon of “cough cardiopulmonary
resuscitation” and ascribed the forward flow generated by
coughing to the increased intrathoracic pressure generated
during coughing.21 In the 1980s, studies in dogs22 and in
man23 led to the proposal of the “thoracic pump” theory for
antegrade flow during CPR. According to the thoracic pump
theory, external chest decompression increases intrathor-
acic pressure, forcing blood to flow from the thoracic to the
systemic circulation. Retrograde flow from the right side of
the heart to the systemic veins is prevented by the venous
valves. According to this paradigm, the heart acts merely
as a passive conduit without having a pump function.
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This theory requires the AV valves to be open during the
compression phase of CPR. Two transthoracic echocardio-
graphic studies reported in the early 1980s during CPR in
man supported the thoracic pump theory.24,25 Guerci and
colleagues also concluded, on the basis of observations of
the aortic pressure-flow relation during CPR in dogs, that
aortic flow was due to fluctuations in intrathoracic pres-
sure.26 Other studies performed in dogs and in pigs,
however, supported the cardiac pump hypothesis.27–29

The availability of transesophageal echocardiography has
provided the opportunity to study the mechanisms involved
during CPR in man in much greater detail. Transesophageal
echocardiography can be performed without interrupting
cardiac massage and the quality and stability of the imaging
is generally superior to transthoracic echocardiography.
Several studies concluded that the mechanism of antegrade
flow during CPR was consistent with the cardiac pump
theory.30,31 This conclusion was based on the observations
that the mitral valve closed during the compression phase
and opened during the decompression phase, and that the
size of both left and right ventricular cavities fell during the
compression phase. In contrast, another study performed in
17 patients undergoing CPR suggests that the physiological
mechanisms responsible for antegrade flow may differ from
patient to patient.32 In this study both pulmonary venous
and trans-mitral flow were assessed. In 5 of the 17 patients
the mitral valve closed during the compression phase of
CPR, with associated mitral regurgitation and forward aortic

flow, consistent with the cardiac pump theory. In the
remaining 12 patients the mitral valve remained open
during both the compression and decompression phases of
CPR, and peak forward mitral flow also occurred during the
compression phase in this group. In 8 of these 12 patients,
forward mitral flow during the compression phase was
accompanied by forward pulmonary vein flow, consistent
with the classic “thoracic pump” mechanism. In the remain-
ing 4 patients, forward mitral flow during the compression
phase was accompanied by backwards pulmonary vein flow,
which the authors suggested implied a “left atrial pump”
mechanism, in which the left atrium rather than the left ven-
tricle was the major target of chest compression. Downtime
was much shorter in the 5 patients in whom the cardiac
pump mechanism was thought to be operating than in the
remaining 12 patients.

These three mechanisms are summarized schematically
in Fig. 17.8. Whatever the mechanism, it is clear that ante-
grade flow occurs in both the thoracic aorta and the pul-
monary artery during the compression phase of CPR and
retrograde flow occurs in these vessels during the release or
decompression phases.

Changes in aortic and pulmonary artery pressures
during CPR

Steen and colleagues reported the hemodynamic effects of
CPR using the LUCAS (Lund University Cardiac Arrest
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System) device in anesthetised pigs.33 The LUCAS device
provides automatic mechanical chest compression; active
“physiological” decompression.33 CPR was instituted for
3–5 minutes after 6.5 minutes of VF (when the “coronary
perfusion pressure” has reached zero). The hemodynamic
effects in a typical animal are shown on the right of
Fig. 17.5. Here, the compression phase is akin to “systole”
and the decompression phase is akin to “diastole.” During
the entire 31⁄2 minutes of CPR the compression pressure in
the right atrium (top pressure trace) exceeded the pressure
in the intrathoracic aorta (the second highest pressure
trace). This reveals a negative “coronary perfusion pres-
sure” during the compression phase. There was also a
negative “coronary perfusion pressure” during the decom-
pression phase for 1 minute after instituting CPR, but the
“coronary perfusion pressure” during decompression then
became positive, reaching a peak of 18 mmHg at 11⁄2
minutes before declining slightly. Intrathoracic aortic pres-
sure reached approximately 40 mmHg during CPR.
Observations in man during CPR have shown peak systolic
arterial pressures of between 60 and 80 mmHg.34–36

A study in pigs has shown that during closed chest
CPR, compression phase pulmonary artery pressure was

approximately 80–90 mmHg, mean pulmonary artery
pressure was approximately 40 mmHg, and mean left atrial
pressure approximately 3–4 mmHg lower than this.37

Cardiac output during CPR

Studies in dogs and in pigs have suggested that during
optimal CPR, cardiac output is between 25% and 40% of
pre-arrest values.27,37–39

Carotid and cerebral blood flow during CPR

In the pig model, Steen and colleagues showed that
appreciable common carotid blood flow is apparent
within seconds of initiating compression/decompression
CPR using the LUCAS device. Values of approximately
300 ml/ min were obtained when CPR was sustained, but
even brief interruptions of CPR dramatically reduced
carotid blood flow Fig. 17.9.33 Cerebral blood flow is
determined by the gradient between carotid artery and
intracranial pressure. Assuming an ischemic threshold
level of cerebral tissue oxygen content of 8 mmHg, a
recent report suggested that, during standard CPR in
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Fig. 17.9. The blood flow in the left internal carotid artery during 3.5 minutes of mechanical compressions followed

by defibrillation attempts with (II) and (III) interrupting the chest compressions. Mean value�S.E.M., n
5 in each

group. (Reproduced with permission from Resuscitation.8)



man, cerebral tissue oxygen content may be lower than
this value much of the time. However, optimally per-
formed CPR that maintained coronary perfusion pressure
at least 25 mmHg was associated with cerebral tissue
oxygen content greater than 8 mmHg.40 A study in dogs
demonstrated that if CPR is started immediately and
“coronary perfusion pressures” are maintained above
25 mmHg, cerebral blood flow (measured by using
microspheres) and cerebral ATP were both maintained at
approximately 60% of pre-cardiac arrest values. In con-
trast, when CPR was delayed for 6 minutes after cardiac
arrest, a coronary perfusion pressure of 35 mmHg was
required to produce similar cerebral blood flow and cere-
bral ATP content. Furthermore, when CPR was delayed
for 12 minutes, even this level of coronary perfusion pres-
sure failed to restore cerebral blood flow.41 Lindner and
colleagues demonstrated that active compression–
decompression CPR produced greater cerebral perfusion
pressures and greater cerebral oxygen delivery than did
standard CPR in a pig model.42

Coronary blood flow during CPR

Studies in animal models have shown that coronary flow is
retrograde during the compression phase of CPR and ante-
grade during the release or decompression phase.37,43,44 The
retrograde flow during the compression phase continued
even when the “coronary perfusion pressure” was raised
throughout the CPR cycle by more effective CPR.44 This pre-
sumably is related to the importance of left ventricular
intra-cavity pressure in determining coronary blood flow. In
the pig model, assessing CPR by using a mechanical device,
even at 2.5-inch thumper strokes, coronary blood flow was
less than 50% of pre-arrest values, and with thumper strokes
of 1.5 inches, coronary flow was approximately 15% of base-
line pre-arrest values.43 Changes in coronary blood flow
during CPR in dogs were related to changes in “coronary
perfusion pressure.”45 Wolfe and colleagues observed that in
dogs coronary blood flow fell at very high compression rates
because of a reduction in “diastolic perfusion time” (i.e., the
time spent in the relaxation phase during which antegrade
coronary flow occurs). Optimal coronary flow occurred at a
compression rate of 120/min.46

Effects of interruption of CPR on hemodynamics

Interrupting CPR for rescue breathing adversely affects
hemodynamics. Berg and colleagues compared the effects
of CPR at 100 compressions per minute with a brief rest
period every minute for the rescuer to take 2 deep breaths
vs. a protocol involving cycles of 15 compressions at

100 per minute each interrupted by 2 rescue breaths. The
integrated coronary perfusion pressure over each cycle
was substantially reduced in the rescue breathing group
because of a reduction in aortic pressure during the
rescue breathing phase, and because the number of chest
compressions was also lower in this group.47 Furthermore,
Steen and colleagues showed in the pig model that
periods of 30 seconds of CPR between defibrillation
attempts were insufficient to generate an adequate “coro-
nary perfusion pressure” (i.e., at least 15 mmHg) and, on
the basis of these observations, the authors recom-
mended at least 90 seconds of CPR between each defibril-
lation attempt.8

Coronary perfusion pressure and recovery of
spontaneous circulation (ROSC)

In 1940, Wiggers noted that 3 to 5 minutes after the onset of
VF (appreciably earlier than the “irretrievable failure of the
central nervous system”), the heart enters an “atonic
phase” in which “anoxia causes depression of contractile
force and slows conduction.”48

The impact of “coronary perfusion pressure” on the like-
lihood of ROSC has been described in animals and in
man.18,19,49,50 The probability of ROSC is low when coronary
perfusion gradient is�15–20 mmHg. Fig. 17.10 shows
human data relating likelihood of ROSC to coronary perfu-
sion pressure during CPR.19

There are two potential reasons why this might be so.
1. At lower coronary perfusion pressures, profound

myocardial ischemia may prevent ROSC. Ralston and col-
leagues have shown in a dog model that a mean myocardial
blood flow less than 0.13 ml/min per g tissue was associated
with no survival, whereas a flow of�0.16 ml/min per g tissue
was associated with survival.51 Although this is likely to be a
contributory factor, cardiac contractile function recovers
after even relatively long periods of total ischemia. In the iso-
lated perfused dog heart, postischemic contractile function
was markedly depressed after 25 and 30 minutes of nor-
mothermic global ischemia, but the reduction in left ven-
tricular contractile function after 15 to 20 minutes of global
ischemia was only mild.52 This threshold of 20 minutes is
consistent with observations in other species.53–55 In the
swine model, even at 20 minutes ofVF (without CPR), 89% of
animals had myocardial ATP levels�20% of control and
adenylate charge ratio�0.60 – values known to be associ-
ated with reversibility of myocyte injury.56

2. “Coronary perfusion pressure” is defined as the pres-
sure difference between aorta and right atrium during the
decompression phase. During VF aortic pressure is almost
identical to LV pressure and right atrial pressure is almost
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identical to RV pressure. Accordingly, coronary perfusion
pressure provides a measure of the pressure gradient across
the interventricular septum during cardiac arrest. This is a
measure of the true “preload” acting on the left ventricle. As
discussed below, this may be an important determinant of
ROSC, because it determines the degree of myocyte stretch
and therefore, according to the Frank–Starling mechanism,
the force of myocyte contraction when it is activated by
electrical depolarization.

The concept of left ventricular preload and the
Effect of Constraint from the Pericardium and
Right Ventricle

Frank57 first described the importance of the degree of
cardiac muscle stretch during diastole (preload) in deter-
mining its subsequent force of contraction. The mech-
anism of this observation is related predominantly to the
nature of the actin-myosin interaction in the sarcomere.
The force generated by a single sarcomere is proportional
to the number of actin-myosin bonds and the available
energy from ATP hydrolysis. Generation of optimal force
is achieved when the sarcomere length is approximately
2.2 to 2.3 microns, which corresponds to the maximum
number of actin–myosin interactions. At sarcomere
lengths less than approximately 1.5 microns, there are
no actin–myosin interactions and force generation is
more or less eliminated. In addition to the actin–myosin
interaction, the giant filamentous protein Titin which

spans the sarcomere, acts like a molecular “spring,” storing
potential energy when it is stretched and it may also play a
role in development of stretch-dependent passive
tension.58 As a result of the length dependency of the
actin–myosin interaction and of titin tension develop-
ment, below a certain “slack length,” myocytes do not gen-
erate tension. Patterson and Starling observed that the
output of the left ventricle was related to changes in the
venous pressure.59 In clinical practice it has been
assumed that changes in left atrial pressure (or LV end
diastole pressure or pulmonary capillary wedge pressure)
parallel those of LV diastole stretch (“preload”) and that
changes in pressure can be used as a surrogate for changes
in stretch. Indeed, the literature commonly refers to the
Frank-Starling relationship, as if Frank and Starling had
described the same phenomenon. Within the physiologi-
cal range, the use of change in LVEDP to predict changes in
preload is generally valid, but in certain pathophysiologi-
cal states it is not. The effective distending pressure acting
on the left ventricle at end diastole is the left ventricular
end diastolic pressure minus external pressures acting on
the left ventricle from the pericardium, and from the right
ventricle via the interventricular septum. In health, both
RV end diastolic pressure and pericardial pressure are
close to zero; therefore, changes in LVEDP generally paral-
lel those of LV end diastolic volume. As the pericardium is
stretched, however, there is an exponential increase in
pericardial pressure (Fig. 17.11).60 In most situations,
RVEDP and pericardial pressure are almost identical,
because the RV is thin walled and therefore maintains only
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a small pressure gradient across it.61 In experimental situ-
ations in which the pericardium is stretched by acute
enlargement of the right ventricle (e.g., experimental pul-
monary embolism), the pericardial and right ventricular
end diastolic pressures may be substantially more than
zero. In this situation the filling of the left ventricle is
impeded by the external constraint from the pericardium
(pericardial constraint) and from the right ventricle (dias-
tolic ventricular interaction). The measured intracavity
LVEDP overestimates the true LV preload. The interven-
tricular septum, normally convex to the right at end dias-
tole, becomes flattened, and the position of the septum at
end diastole has been shown to be very closely related to
the trans-septal pressure gradient, i.e., it reflects the
degree of ventricular interaction.62

Pericardial constraint and diastolic ventricular interac-

tion have been well described in animal experimental
models of acute right ventricular pressure and volume
overload.63 Important diastolic ventricular interaction is
also seen in many patients with chronic heart failure.64,65

Reducing central blood volume in these patients (using a
lower body “suction” device) resulted in a fall in RV volume,
and of right atrial and pulmonary capillary wedge pres-
sures, but despite this, left ventricular diastolic volume
increased (Fig. 17.12). The explanation was confirmed in a
canine rapid pacing heart failure model. While central
blood volume unloading reduced LV end diastolic pressure,
it reduced pericardial pressure and RV end diastolic pres-
sure even more; therefore, the effective distending pres-
sure increased, resulting in an increase in LV diastolic
volume and stroke volume.66 These observations are shown
in Fig. 17.13.
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Steen’s observations in the pig model suggest that
important pericardially mediated ventricular interaction
may occur following cardiac arrest.8 As noted previously,
Steen and colleagues observed that as blood flowed along
its pressure gradient from the aorta to the right side of the
heart, the right ventricle became markedly distended.
Furthermore, there was a progressive increase in right
atrial pressure (and, by implication right ventricular pres-
sure) during the first 2 minutes or so after cardiac arrest,
before this slowly declined again. Pericardial pressure also
rose progressively during the first 2 minutes after cardiac
arrest before gradually declining. As expected, right atrial
pressure and pericardial pressure changes paralleled each
other almost exactly, with pericardial pressure marginally
lower than right atrial pressure. These changes are shown
in Fig. 17.14. These observations, performed in open chest
pigs, clearly show that the pericardium was stretched suf-
ficiently to raise pericardial pressure substantially. In the
closed chest situation, this effect would be expected to be
greater. Right ventricular volume fell slightly when right
atrial and pericardial pressures started to decline. As dis-
cussed earlier, this decline in right atrial and pericardial
pressures and right ventricular volume after about 3–4
minutes presumably reflects the withdrawal of sympa-
thetic tone, as the brainstem vasomotor centers become
profoundly ischemic.

As noted previously, there is also a temporary increase in
aortic pressure between approximately 1 and 3 minutes
after the onset of VF (Fig. 17.5), presumably due to the
combined effects of increased sympathetic outflow and

“waterfall” phenomena, then aortic pressure starts to
decline again, presumably because of a reduction in sym-
pathetic outflow.

If we make the reasonable assumptions that intrathor-
acic aortic pressure approximates the left ventricular
pressure and that right atrial pressure approximates the
right ventricular pressure during cardiac arrest, then we
can calculate the serial changes in left ventricular trans-
mural pressure gradient (LV minus pericardial pressure)
and trans-septal pressure gradient (left ventricular minus
right ventricular pressure gradient). Changes in septal
position and left ventricular volume would be expected to
parallel changes in these gradients, which are in effect the
distending pressures acting on the left ventricle. We have
applied these calculations to a typical recording of aortic,
RA, and pericardial pressures reported by Steen and col-
leagues.8 A rapid initial fall in trans-septal and transmural
gradients is followed by a slight increase, until approxi-
mately 4 minutes (corresponding to the period during
which aortic pressures increase), followed by a subsequent
decline to about zero. Berg and colleagues recently
reported the changes in left and right ventricular volume
after VF arrest in the pig.7 Typical short axis MRI appear-
ances are shown in Fig. 17.15. During the first 30 seconds
after cardiac arrest there is a dramatic increase in right ven-
tricular volume, with a shift of the interventricular septum
to the left and a marked reduction in left ventricular
volume. Between approximately 1 and 5 minutes, left
ventricular volume increases modestly (but not back to
baseline), although the interventricular septum remains
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dramatically flattened. Subsequently, left ventricular
volume starts to decline again. These changes imply the
rapid development of very marked ventricular interaction
with some amelioration of this interaction between 1 and 5
minutes, and are entirely to be anticipated on the basis of
the changes in the pressure gradient calculated form the
data of Steen et al. In Fig. 17.16, the right and left ventricu-
lar volume changes reported by Berg and colleagues are
plotted above the calculated changes in transmural gradi-
ent in the data reported by Steen and colleagues. As
expected, the left ventricular volume changes closely
mirror the changes in the transmural and trans-septal
pressure gradients. Because, during cardiac arrest, aortic
pressure is approximately LV pressure and since RA pres-
sure is approximately RV pressure, AO-RA pressure is a
close approximation to the pressure gradient between LV
and RV (the “trans-septal” gradient).

This may have important implications for our under-
standing of the mechanism of ROSC. When ventricular
interaction is marked, the degree of myocyte stretch may
be so small that return of electrical activity generates only
a minimal force of contraction, especially if the myocytes
are also profoundly ischemic.

Effects of ventilation on hemodynamics during
cardiac arrest

It is common practice to ventilate patients during cardiac
arrest, on the assumption that this will improve oxygen
delivery to the tissues, particularly the brain. Recent
observations have called into question the validity of this
assumption. Jellinek et al. reported the hemodynamic
effects of positive airways pressure in patients undergoing
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Fig. 17.15. Short-axis views of RV and LV through same mid-ventricular slice in 1 animal during 30 minutes of untreated VF. Time 0 refers

to time VF was induced, and next 8 views were at respectively labeled duration of untreated VF. (Reproduced with permission from

Circulation.7)



AICD threshold testing. Before VF occurred, positive
airway pressure increased right atrial pressure and
reduced aortic pressure and left ventricular stroke volume.
During VF arrest, positive airway pressure modestly
reduced the coronary perfusion pressure. There was no
evidence of collapse of the inferior vena cava, but in some
patients there was a marked reduction in the diameter of
the superior vena cava.12 In the dog, positive airway pres-
sure has been shown to cause collapse of the inferior vena
cava resulting in a “waterfall effect.”17

In addition to the direct effect of positive airways pres-
sure on coronary perfusion pressure, ventilation is asso-
ciated with substantial interruptions in compressions,
and, as discussed above, this may cause substantial and
prolonged reductions in coronary perfusion pressure.
Woollard and colleagues reported on a randomized trial
comparing compression-only vs. standard telephone CPR
instructions in simulated cardiac arrest. Two and a half
times more compressions were delivered during a stand-
ard ambulance response time in compression-only CPR in
the compression-only group.67 Furthermore, in pigs, CPR
with rescue breathing was shown by Berg and colleagues to
be associated with substantially lower “integrated
coronary perfusion pressure” and left ventricular blood
flow than compression-only CPR.7

An alternative approach to ventilation is the use of
the so-called “inspiratory impedance threshold Device”
(ITV). During the inflow phase, this provides a respiratory
resistance which increases the negative intrathoracic
pressure, analogous to the Müller maneuver. The hemo-
dynamic effects of adding the device to the respiratory
circuit in pigs was assessed during VF cardiac arrest.
There was a non-significant increase in the coronary per-
fusion pressure (from 12.5.�1.5 to 14.8�1.3 mmHg
averaged during 28 minutes of CPR) associated with sig-
nificant increases in left ventricular and cerebral blood
flows.68 Pilot studies in humans suggest that use of the ITV
during CPR is associated with improved short term sur-
vival.69,70

The combination of positive end expiratory pressure
ventilation (PEEP) with the inspiratory threshold device
was reported to have particularly beneficial hemody-
namic effects during active compression-decompression
CPR in the pig. The addition of PEEP did not alter diastolic
coronary perfusion pressure, but may nevertheless
increase myocardial perfusion because the gradient of
the diastolic aorta to left ventricular pressure was aug-
mented, probably because PEEP reduces alveolar col-
lapse, leading to an increase in indirect myocardial
compression.71
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Hemodynamic effects of spontaneous gasping
during cardiac arrest

Gasping was first described by Legallois in 1812, in a variety
of animal species including man.72 It is very common in the
human newborn and is also frequently observed after
cardiac arrest. In this setting it appears to be triggered by
ischemia of the brainstem and persists until the respiratory
center in the caudal medulla is completely disabled. In the
pig model it is typically observed between the first and

second minute after the onset of cardiac arrest if no CPR
is given. It begins weakly, increasing to a maximum, and
then disappears typically by about 5 minutes, but some-
times longer. If effective cardiac compressions are given to
gasping pigs they continue to gasp as long as the chest com-
pressions create a minimum blood flow to the brainstem.
Gasping produces gas exchange, and a sharp increase in
arterial oxygen saturation, and a fall in arterial carbon
dioxide tension typically follows the gasp.73,74 As shown in
Fig. 17.17, during the expiratory phase of a gasp there is
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Fig. 17.17. The effects of a gasp on aortic pressure, central venous pressure, tracheal and pleural pressures and carotid flow in the swine

VF model are shown. Note the effects of persistent atrial contractions following VF arrest. During the expiratory phase of the gasp there is

an increase in carotid flow. (S. Steen, unpublished observations.)



an increase in aortic pressure and in carotid blood flow.
The breath occurs against a partially closed airway and
generates a negative intrapleural pressure of approxi-
mately 40 mmHg. This negative intrapleural pressure
markedly reduces right atrial and pericardial pressures and
increases the pressure gradient between aorta and RA. Xie
and colleagues showed in the pig that during the inspira-
tory phase of the gasp, left ventricular area substantially
increased and then returned to its “pre-gasp” value during
the expiratory phase. This generated a stroke volume of
approximately 60% of that seen in the spontaneously
beating heart. The expiratory phase of the gasp was also
associated with a substantial increase in end-tidal carbon
dioxide.75

The appearance of gasping in a patient with cardiac
arrest should not therefore be considered as a sign of recov-
ery that discourages continued resuscitative measures, but
implies that the brainstem is ischemic but still viable. The
frequency of gasping has been reported to be predictive of
the success of resuscitation.76,77
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Introduction

The resurgence of resuscitation research in the 1970s and
1980s initially focused on the physiological mechanisms
for systemic blood flow during closed chest resuscitation
for cardiac arrest.1,2 At the same time, the importance
of both myocardial and cerebral blood flow during
cardiopulmonary resuscitation (CPR) became evident.
Using contemporary, state-of-art techniques, investigators
found that regional perfusion of vital organs occurs with
closed chest compression CPR, but at substantially lower
rates than that measured during normal sinus rhythm.3–5

Such studies have shown that standard anteroposterior
chest compressions can, at best, provide 30% to 40%
of normal cerebral blood flow levels. Myocardial blood
flow achieved with external chest compressions is often
even lower, typically between 10% and 30% of normal.
Peripheral perfusion is almost non-existent during CPR.
Nevertheless, good CPR efforts can temporarily provide at
least some perfusion to the myocardium and cerebrum
until more definitive treatment (i.e., defibrillation) can be
accomplished.

Myocardial perfusion during cardiac arrest can be esti-
mated by measuring “coronary perfusion pressure” during
the resuscitation effort. This perfusion pressure gradient
correlates well with resultant myocardial blood flow gener-
ated with CPR and with the subsequent possibility of
successful defibrillation.3,4 The critical importance of coro-
nary perfusion pressure during CPR has been confirmed in
both laboratory and clinical studies of resuscitation. This
part of the chapter focuses on coronary perfusion pressure
during CPR: its generation and impact.

Determinants of coronary perfusion pressure
during cardiopulmonary resuscitation

AoD pressure during CPR

The importance of an adequate perfusion pressure for resus-
citation from cardiac arrest was first noted by Crile and
Dolley in 1906.6 While studying means of reversing cardio-
respiratory arrest in dogs and cats asphyxiated with chloro-
form or ether (popular anesthetics of that time), they noted
that “the basic problem, then, in resuscitations seems to us
to be that of securing some means of some infusion – a coro-
nary pressure, approximately amounting to 30 to 40 mm Hg.”
This concept was later reinforced by the work of Redding and
Pearson.7–10 These investigators showed that, when aortic
diastolic pressure was raised above 40 mm Hg, usually with
�-adrenergic drugs or other special maneuvers, experimen-
tal animals could be successfully resuscitated from cardiac
arrest. When this diastolic pressure was not achieved,
however, the animals could not be resuscitated. From this
early work they deduced the mechanism of action for epi-
nephrine and other �-adrenergic agonists during cardiac
arrest. They postulated that such agents caused peripheral
vasoconstriction, which raised the aortic diastolic pressure
and increased coronary perfusion. Otto and coworkers con-
firmed this postulate in the late 1970s and early 1980s. By
using selective blockade, they elucidated the relative impor-
tance of �- and �-adrenergic receptors during resuscitation.
Animals that were �-blocked had difficulty in responding to
epinephrine, i.e., diastolic aortic pressure did not increase
and they were not resuscitated. In contrast, those that were
�-blocked were successfully resuscitated and exhibited
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peripheral vasoconstriction with elevated aortic diastolic
pressures in response to adrenergic agonists.11–13

AoD-RAD pressure during CPR

During the early 1980s, investigators not only confirmed
the importance of a perfusion pressure (i.e., the aortic
diastolic pressure) but also of a defined perfusion pressure
gradient, which included a “downstream” pressure from
the myocardial venous system acting as an impedance to
forward flow. Voorhees et al., measuring regional blood
flow to the brain, heart, and other peripheral tissues,
noted that the arteriovenous gradient was important
during the compression phase of CPR for cerebral blood
flow and postulated that the same arteriovenous gradient
during the relaxation component of CPR was important
for myocardial blood flow.14 Both Niemann et al.15 and
Ditchey et al.16 suggested that coronary perfusion pressure
results from the difference in pressure between the aortic
and the right atrium. Ditchey et al. found that coronary
blood flow during CPR was a linear function of the mean
pressure difference generated across the coronary cir-
culation and that the ascending aortic and right atrial
pressure difference and coronary flow were highest during
the relaxation phase of each chest compression cycle
(Fig. 18.1).

Alternatives for calculating CPP
In spite of these insights on coronary perfusion pressure and
its importance for generating myocardial blood flow and
facilitating resuscitation, the best method for measuring
coronary perfusion pressure during CPR has not been
standardized. Some investigators suggested that subtracting
the middiastolic right atrial pressure from simultaneously
obtained middiastolic aortic pressure was sufficient,3,17

whereas others suggested that coronary perfusion pressure
be obtained by measuring the peak positive diastolic pres-
sure gradient between the aorta and the right atrium.18

Another approach has been to calculate the coronary per-
fusion pressure gradient by subtracting the mean right atrial
diastolic pressure from the mean diastolic aortic pressure.4,5

To address this uncertainty, the Utstein-style guidelines for
reporting laboratory CPR research specify that the point just
before compression be used as the reference point for meas-
urement of coronary perfusion pressure. This point was
selected because it is easily identified and more likely to be
consistent among investigators.19

An alternative method for calculating coronary perfusion
pressure is to measure the integrated area under the aortic
diastolic pressure minus the right atrial diastolic pressure
curves during each minute of cardiopulmonary resuscita-
tion.20 Since chest compression/relaxation cycles (i.e., the
relaxation phase specifically) are responsible for generation
of blood flow to the heart, a decrease in delivered chest
compression cycles can markedly decrease the total
amount of myocardial perfusion generated with the resus-
citation effort. Calculating coronary perfusion pressure in
the usual fashion (end-diastolic aortic minus right atrial
pressures) does not account for periods when chest com-
pression is interrupted. A more accurate method is to use
the integrated area (iCPP) over each minute. The effect of
chest compression pauses on coronary perfusion pressure
becomes readily apparent, typically resulting in a 40%
decrease in cumulative coronary perfusion (Fig. 18.2).

Interruption of chest compression/relaxation has direct
effects on the amount of coronary perfusion pressure gen-
erated during the period of 15 compression cycles. We
found that, at the beginning of each cycle of 15, the first
5–10 compressions/relaxations are “building-up” the
coronary perfusion gradient and that it is not optimal until
at least one-third of the series is completed.21 Then, with
cessation of chest compressions/relaxations, this diastolic
gradient falls off rapidly, often returning to near zero within
5–10 seconds. Often the coronary perfusion pressure gra-
dient falls even sooner to below the “critical closing pres-
sure” predicting no forward flow after just a few seconds
interruption of chest compression/relaxation. When chest
compressions do resume, the coronary perfusion gradient
must be rebuilt, usually starting from zero (Fig. 18.3).
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AoS-RaS: no antegrade flow to myocardium

Several investigators have explored the possibility of
whether coronary flow could occur during the compression
phase of CPR.15,16,22 Data from Schleien et al. suggested that
forward coronary flow may occur during the compression
phase of CPR, when epinephrine infusions are used,
because a positive aortic to right atrial pressure gradient was
observed during the compression phase. They concluded
that the diastolic gradient as an index of coronary blood flow
during CPR may be incomplete.22 Subsequent work has
shown that many methods of CPR routinely generate some
degree of aortic to right atrial pressure difference during the
compression phase, either positive or negative; hence, the
potential for antegrade or even retrograde coronary blood
flow exists during chest compression or CPR systole.23

Figure 18.4 shows a positive “gradient” during the compres-
sion phase of CPR. Total “net” flow during CPR may require
consideration of the entire cardiac cycle (the compression
phase and the relaxation phase). This hypothesis has been
tested by using an intracoronary Doppler flow catheter to
determine the relationship among (a) systolic or compres-
sion phase coronary perfusion pressure, (b) diastolic or
relaxation-phase coronary perfusion, and (c) direction of
coronary blood flow in the proximal left anterior coronary
artery.24 Retrograde coronary artery blood flow (from the
coronary back into the ascending aorta) occurred routinely
during the compression phase of manual CPR, regardless of
the measured aortic to right atrial pressure gradient. Even in
circumstances where the aortic pressure exceeded right
atrial pressure during compressions, no antegrade coronary
flow occurred. Rather, such antegrade coronary blood flow
occurred exclusively during the relaxation phase of chest
compression and correlated with a positive “diastolic” or
relaxation-phase perfusion pressure gradient between the
aorta and the right atrium. The greater the gradient, the
larger the velocity of the antegrade coronary blood flow.
Positive systolic coronary perfusion gradients occurring
during the compression phase do not significantly improve
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antegrade blood flow and, indeed, can be associated with
significant amounts of retrograde coronary flow. Hence,
diastolic perfusion pressure gradients do account for the
vast majority of cases of myocardial perfusion.

Under normal physiologic conditions, coronary perfu-
sion pressure is conventionally defined as the difference in
transmural myocardial pressure between the aortic and the
left ventricular diastolic pressures. In subjects with normal
ventricular filling pressures, the coronary driving pressure
may be approximated by either the mean aortic pressure or
the aortic diastolic pressure. When ventricular filling pres-
sures are elevated, however, one of two corrections is typi-
cally used. First, the right atrial pressure could be subtracted
since the coronary sinus drains into the right atrium, leaving
the perfusion pressure then equal to the aortic pressure
minus right atrial pressure.25 Nevertheless, even the use of
right atrial pressure tends to overestimate the perfusion
pressure gradient when left ventricular diastolic pressure is
increased. Second, the aortic pressure minus the left ven-
tricular diastolic pressure could be used. CPR investigators
have typically chosen the former formula and have used the
right atrial pressure. Kern and coworkers (unpublished
data) have assessed the relationship between transmural
myocardial blood flow, measured with microspheres, and
coronary perfusion pressure, which was defined as either
aortic diastolic pressure minus right atrial diastolic pressure
or, alternatively, aortic diastolic pressure minus left ventric-
ular end-diastolic pressure. These investigators found that
coronary perfusion pressure defined as aortic diastolic pres-
sure minus right atrial diastolic pressure had a correlation
coefficient of 0.58 with myocardial blood flow, whereas per-
fusion pressure defined as aortic diastolic pressure minus
left ventricular end-diastolic pressure had a correlation
coefficient of 0.47 during CPR.

Myocardial blood flow and coronary perfusion
pressure during cardiopulmonary resuscitation

Regional perfusion or organ blood flow under nearly all
physiologic conditions is determined by the pressure
gradient across the vascular bed of interest divided by
vascular resistance (flow equals arterial pressure minus
venous pressure divided by vascular resistance or Q
P1 – P2

/ R). During normal sinus rhythm in the heart in vivo, coro-
nary vascular resistance depends on at least three physio-
logically distinct components termed R1, R2, and R3.26 R1 is
the resistance of the epicardial coronary conductive vessel.
In the absence of vascular spasm or fixed coronary stenoses,
R1 contributes only a small percentage of the total coronary
resistance. R2, the autoregulatory resistance factor, is the
major component of coronary resistance during normal

sinus physiology. R2 results primarily from the smooth
muscle tone of the arteriolar bed. The compressive resist-
ance factor, R3, results from intramyocardial pressure during
systole compressing the intramural coronary vessels. It is the
chief factor accounting for the observation that myocardial
blood flow during normal sinus rhythm occurs primarily in
the diastolic phase of the cardiac cycle. Other factors influ-
encing R3 include left ventricular diastolic pressure and
transmural differences in vascular density.

During cardiac arrest, coronary vascular resistance is dra-
matically different. Intrinsic coronary tone (R2) is minimal
because of local, metabolically mediated coronary vasodi-
latation. Potential mediators of coronary vasodilatation
include extracellular acidosis, endogenous adenosine
release, and vasoactive compounds of endothelial origin,
such as nitric oxide and endothelin. These ischemically
induced vasodilatory substances are thought to induce
maximal coronary vasodilatation relatively quickly during
cardiac arrest, perhaps within the first 15 to 20 seconds. As a
consequence, myocardial blood flow during cardiac arrest
and artificial circulatory support by any method or tech-
nique will be largely determined by the driving force or
“pressure head” across the coronary circulation, namely, the
arterial pressure minus the venous pressure and the coro-
nary vascular resistance. In the setting of ventricular fibril-
lation and CPR, coronary vascular resistance consists
mainly of an R1 component from epicardial coronary com-
pression and R3 from the intramyocardial pressure gener-
ated by the fibrillating myocardium and chest compression.
In contrast to the resistance seen during normal sinus phys-
iology, coronary vascular resistance during CPR is minimal
during the relaxation phase of chest compression.

Careful study of the data illustrating the relationship
between CPP and myocardial blood flow during CPR
shows that no myocardial blood flow occurs until a
minimum coronary perfusion pressure of approximately
5–10 mmHg is achieved. This corresponds to the “critical
closing pressure” for coronary perfusion pressure, below
which flow stops secondary to intrinsic smooth muscle
tone in the arteriole wall literally causing physical closure
of the arteriolar vessels.27 Under normal physiologic
conditions it is estimated that this critical closing pressure
is about 30–40 mmHg, and that during intense vasodilata-
tion it decreases to approximately 10–12 mmHg.27 Data
gathered during actual cardiac arrest suggest that during
maximal vasodilatation this closing pressure may fall as
low as 5–10 mmHg, but does not become zero, as some
have previously postulated.28 This “closing pressure,”
below which no flow seems to occur is a key concept in
understanding the importance of limiting interruptions to
chest compressions/relaxations during which the coron-
ary perfusion pressure inevitably falls.
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Correlation between CPP and MBF

Aortic and right atrial pressures can easily be measured in
the laboratory and also, but with some effort, in the clinical
setting. During the relaxation phase of chest compressions,
aortic pressure largely depends upon intrinsic arterial tone.
Right atrial pressure during the relaxation phase of CPR is
largely determined by central venous return and venous
capacitance. An excellent correlation has been established
between the coronary perfusion pressure and simultane-
ously measured myocardial blood flow during CPR.3–5,29

Data from three different laboratories demonstrate correla-
tion coefficients in the range between 0.82 and 0.89. Ralston
et al. found a correlation coefficient of 0.89 in dogs where no
epinephrine was used and of 0.85 when epinephrine was
used (Fig. 18.5).3 Using epinephrine, Michael et al. found a

correlation coefficient of 0.84 (Fig. 18.6) and Halperin et al.,
from the same laboratory at Johns Hopkins, found a corre-
lation coefficient with multiple forms of CPR of 0.88 (Fig.
18.7).4,5 Kern and coworkers reported a correlation coeffi-
cient of 0.82 between the coronary perfusion pressure
achieved and the resultant myocardial blood flow to the
anterior left ventricular wall.29

Many have noted, by general observation, that the typi-
cally low coronary perfusion pressures generated with
standard CPR (10 to 20 mm Hg) produced only small
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amounts of myocardial blood flow, usually no more than
20% of that observed during sinus rhythm. With a coro-
nary perfusion pressure of 10 to 20 mm Hg, Ralston et al.
found left ventricular flows of 15 to 20 ml/min/100 g.3

Michael et al. found flows of 5 to 40 ml/min/100 g;4

Halperin et al. found flows of 5 to 25 ml/min/100 g;5 and
Taylor et al. found flows of 10 to 15 ml/min/100 g.30 These
studies also demonstrated, however, that, if perfusion
pressures are in the range of 40 to 60 mm Hg, excellent
myocardial blood flow levels will result. Under these cir-
cumstances the following flows were found (all in milli-
liters per minute per 100 g): Ralston et al., 60 to 90; Michael
et al., 40 to 100; Halperin et al., 40 to 100; and Kern et al.,
50 to 200 (Fig. 18.8).29

In addition to obstructive epicardial coronary lesions
that will affect the R1 component of coronary resistance
(discussed below), other interventions that increase one
or more components of coronary resistance may alter
the relationship between coronary perfusion pressure,
and myocardial blood flow. One example of this is admin-
istration of endothelin-1. Early work with endothelin-1
as a pharmacologic adjunct for resuscitation demonstra-
ted dramatic increases in coronary perfusion pressure,
prompting initial enthusiasm for a promising new
intervention.31 Subsequent work demonstrated not only
that coronary flow did not increase, but also that endothe-
lin-1 adversely impacted affected survival 1 hour after
resuscitation because sustained arterial vasoconstriction
and increased cardiac work led to perfusion failure and
refractory ventricular arrhythmias.32,33

Effect of coronary lesions on coronary flow

All of the previously described work correlating myocar-
dial blood flow and coronary perfusion pressure was per-
formed on experimental animals with normal coronary
arteries and normal left ventricular function. The rela-
tionship between coronary perfusion pressure and
myocardial blood flow during CPR has been helpful in
understanding the physiology of blood flow production
under these conditions. The established relationship,
however, is derived from experiments in normal animals
and may be limited in its applicability to humans, where
the majority of sudden cardiac death victims have coro-
nary artery disease.34 To examine the effect of coronary
artery lesions on the relationship between coronary per-
fusion pressure and myocardial blood flow during CPR,
investigators at the University of Arizona evaluated a
closed chest porcine model of fixed artificial coronary
artery stenoses.29 In this model with minimal collateral
circulation, coronary artery lesions were found to have
major effects on regional myocardial blood flow meas-
ured during CPR. With use of this closed chest model,
chest compressions could be performed without com-
promising the integrity of the thoracic cage. Coronary
stenoses greatly decrease the amount of distal coronary
blood flow for any given coronary perfusion pressure pro-
duced. Complete coronary occlusion results in negligible
distal myocardial perfusion, regardless of the coronary
perfusion pressure. Myocardial blood flow measured
during CPR continued to show a high correlation with
coronary perfusion pressure, albeit with less myocardial
blood flow for every increment in coronary perfusion
pressure. With coronary perfusion pressures of 30 to
60 mm Hg, coronary stenosis resulted in an approximate
50% reduction in distal blood flow (Fig. 18.9). The data
demonstrate that coronary lesions have an important
effect on myocardial blood flow during CPR in that there
was a substantial change in the relationship between
coronary perfusion pressure and resultant myocardial
blood flow. For any given coronary perfusion pressure
generated with CPR, a 50% reduction in myocardial blood
flow distal to the stenosis was seen (Fig. 18.10). This
reduction occurred over a wide range of coronary perfu-
sion pressures generated with external chest compres-
sions. Previously determined levels of adequate
perfusion pressure during CPR in models without coro-
nary artery lesions may not be applicable to patients with
coronary artery disease. Figure 18.11(a) and 18.11(b)
shows the left anterior coronary artery before and after
the creation of a 33% stenosis. Figure 18.12 shows left
ventricular anterior endocardial blood flow proximal and
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Fig. 18.8. Transmural anterior left ventricular myocardial blood

flow resulting during CPR as function of coronary perfusion

pressure. Note increase in myocardial blood flow with 

increasing coronary perfusion pressure generated during CPR.

(From ref. 29.)
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distal to the 33% diameter stenosis at 3 and 8 minutes of
CPR. There was a significant difference between proximal
and distal blood flow to the endocardium at 8 minutes of
CPR. Therefore, even minimal or previously considered
“insignificant” coronary lesions may have a profound

effect on distal myocardial blood flow during the perfor-
mance of CPR.35

The importance of coronary artery disease in victims of
cardiac arrest had not been routinely considered in previ-
ous CPR research. Intuitive thinking would indicate that
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any coronary lesion that compromises myocardial blood
flow under normal basal physiologic conditions will also
be a potential problem during the extreme circumstances
of CPR, but these findings of decreased blood flow below
“clinically insignificant” lesions are noteworthy.

Effect of “resuscitation time” on CPP

Coronary perfusion pressure does not remain constant
during the period of circulatory arrest and CPR. The
highest pressure gradients and the greatest myocardial

perfusion occur during the first minutes of resuscitation.
Prolonged resuscitation is characterized by a gradual
decline in regional perfusion, most notably to the heart
and brain.36 This is due to the gradual decline in arterial
tone and gradual increase in right heart pressures.
Maintenance of minimal perfusion pressures generally
requires the use of vasoactive drugs.4

The effect of “downtime” on subsequent coronary
perfusion pressure generated during CPR was studied by
Duggal et al.37 They found no compromise in coronary
perfusion pressure after extending the downtime from
9 minutes to 15 minutes of untreated ventricular fib-
rillation. They did note, however, that the previously
established threshold levels of coronary perfusion pres-
sure for resuscitability were not valid after the longer
downtimes.

Coronary perfusion pressure, resuscitation, 
and survival

Correlation between CPP and resuscitation outcome

Coronary perfusion pressure is a determinant of myocar-
dial blood flow during CPR and it has also been shown to
be predictive of successful resuscitation, i.e., restoration of
spontaneous circulation (ROSC), short-term outcome, and
long-term survival. Both Ralston et al.3 and Michael et al.4

showed that increased coronary perfusion pressure trans-
lated into increased myocardial blood flow and better rates
of successful resuscitation (Figs. 18.13 and 18.14). Other
experimental studies have confirmed the predictive value
of the myocardial perfusion gradient and longer-term

376 K.B. Kern et al.

(a) (b)

Fig. 18.11. (a) Digital cineangiography of porcine left anterior descending coronary artery before placement of Teflon cylinder creating

midvessel stenosis. (b) Digital cineangiography of same porcine left anterior descending coronary artery after placement of Teflon

cylinder creating 33% diameter stenosis (arrow). (From ref. 35.)



survival rates, from 1- to 24-hour survival,18,38–46 to 7-day
survival rates.47

The ability of coronary perfusion pressure to serve as a
direct monitoring adjunct during resuscitation efforts
makes it attractive for use in clinical cardiac arrest. Over
the last two decades, there have been reports of more than
200 patients who had coronary perfusion pressure meas-
ured during the performance of CPR.48–57 A number of
import-ant lessons have been learned. First, it is feasible to
measure coronary perfusion pressure in victims of clinical
cardiac arrest. The necessary instrumentation, including
cannulation of the ascending aorta and right atrium, can
be accomplished even during resuscitation efforts, and
experience suggests that this can be done safely. It is unfor-
tunate that, by the time the catheters are in place, the
patient is often relatively late in the course of cardiac
arrest, which may limit the utility of measuring coronary
perfusion pressure in victims of unexpected cardiac arrest.
In these cases the information is obtained so late in the
course of cardiac arrest that it is not helpful. Occasionally,
cardiac arrest occurs in patients who already have a
pulmonary artery catheter or an arterial line. Such
patients can easily be monitored for coronary perfusion
pressure during CPR by the appropriate use of these
pressure tracings.

The vast majority of measurements obtained in humans
showpoorcoronaryperfusionpressures.Themeancoronary
perfusion pressure reported in human series ranges from 043

to 15 mm Hg.57 Consistent with these low values, most
humans monitored for coronary perfusion pressure during
CPR have not survived. Occasionally, however, survivors
are reported. McDonald.49 reported that 1 out of 12 patients
survived and that patient had the highest coronary perfusion
pressure from his series (16 mm Hg). Paradis et al.55 reported
on 100 patients, of whom 24 had return of spontaneous cir-
culation. When coronary perfusion pressures between
survivors and non-survivors were compared, there was a
statistically significant difference in initial coronary perfu-
sion pressure measured: those without return of sponta-
neous circulation had a mean coronary perfusion pressure of
2 mm Hg; those in whom spontaneous circulation returned
had mean perfusion pressures of 13 mm Hg. Likewise,
maximal coronary perfusion pressure was significantly
different between the two groups: 8 mm Hg vs. 26 mm Hg.
This series, in particular, substantiates the experimental data
from animal models showing that coronary perfusion pres-
sure can be a predictor of the return of spontaneous circula-
tion. Paradis and colleagues noted that, in patients with
prolonged cardiac arrest, coronary perfusion pressure was a
better predictor of resuscitation outcome than was aortic
pressure alone. A coronary perfusion pressure of 15 mm Hg

seemed to be necessary for the return of spontaneous circu-
lation and may represent a reasonable goal.

CPR quality and coronary perfusion pressure

An effective myocardial perfusion gradient is dependent
upon properly performed chest compressions during resus-
citation efforts. Babbs and colleagues at Purdue Unversity
showed that there is an effective compression threshold for
generating both blood pressure and cardiac output with
external chest compressions.58 A number of studies support
the contention that standard manual CPR must be properly
performed to be of survival benefit. One study supporting
this statement was performed in the United States and
involved 2071 out-of-hospital resuscitations evaluated over
a 6-month period in New York City.59 The investigators
attempted to determine whether the quality of bystander
CPR affected eventual survival. CPR quality was determined
to be effective or ineffective by emergency medical services
(EMS) personnel in those instances in which bystander CPR
was in progress at the time of their arrival on scene. CPR was
judged to be effective if EMS personnel observed ventilations
producing chest rise and chest compressions associated
with palpable pulses in the carotid or femoral arteries in
accordance with the American Heart Association guidelines.
These guidelines specify 1.5 to 2 inches of sternal displace-
ment. CPR was characterized as ineffective if effective com-
pressions were accompanied by ineffective ventilations and
vice versa, or if both compressions and ventilations were
ineffective. Survival was defined as discharge from the
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Fig. 18.13. Relationship between ease of resuscitation and heart

blood flow produced during CPR. Class A animals were easy to

resuscitate, class B were difficult, and class C could not be

resuscitated. (From ref. 3.)
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hospital to home. Non-survivors were patients who died or
who discharged to a facility rather than home. For the 662
patients entered in the study, the overall survival was 2.9% for
those who received CPR (effective or ineffective) and 0.8% for
those who received no bystander CPR. For those receiving
effective CPR, 4.5% survived, compared to 0%–2% for those
judged to have received ineffective CPR. After adjustments or
corrections for time from collapse to initiation of bystander
CPR, time from collapse to advanced cardiac life support
(ACLS), and the initial rhythm, effective CPR yielded an
adjusted odds ratio of 3.9 for survival. These findings were
similar to the results of studies conducted in Europe and New
Zealand which demonstrated that good CPR was associated
with a 16%–23% survival compared to the 1%–7% survival
with bad bystander CPR.60–62 Although coronary perfusion
pressure was not measured in these studies, it is logical to

assume that inadequate myocardial perfusion accompany-
ing inadequately performed CPR was responsible for the
failure to restore spontaneous circulation.

Number of chest compressions/min, coronary
perfusion pressure, and ROSC

Several experimental studies indicate that interruptions
in chest compressions during CPR lessen the likelihood
of successful cardiac resuscitation. During pauses for
artificial ventilation, aortic diastolic pressure begins to
fall spontaneously toward the resting pressure which is
determined by vascular tone. The initial compressions
following a pause for ventilation generate a lower coro-
nary perfusion pressure than those which precede a
ventilation.21 (Fig. 18.3) These changes in perfusion pres-
sure result in lower myocardial perfusion than when
chest compressions are performed in an uninterrupted
fashion.63 In addition, frequent interruptions for ventila-
tion can also adversely effect neurological recovery in an
animal model.64 Additional reasons for stopping chest
compressions frequently punctuate conventional resusci-
tation efforts. Such reasons would include rhythm inter-
pretation, pulse checks, and defibrillator charging and
discharging, all of which may alter hemodynamics and
outcome.65,66

Recent observational clinical investigations of the quality
CPR performed by paramedics, nurses, or physicians
indicate that inappropriately slow chest compression rates,
inappropriately high ventilation rates, inadequate depth of
sternal depression, and frequent interruptions of compres-
sions are common.67,68 These latter studies did not evaluate
the impact of poor CPR performance on outcome.

Improving outcome and coronary 
perfusion pressure

Since coronary perfusion pressure correlates with myocar-
dial blood flow and myocardial blood flow correlates with
resuscitation success, it follows that the greater the coro-
nary perfusion pressure, the more likely is a successful
outcome. However, achieving such benefit can rarely be
accomplished by standard chest compressions alone. As
seen in Fig. 18.15, the production of high levels of coronary
perfusion pressure is not without problems. In an effort to
maximize perfusion pressure, the use of excessive force in
chest compressions may result in severe and even life-
threatening injury. In an animal model (without coronary
lesions) of cardiac arrest, a myocardial perfusion pressure
of 30 mm Hg appears to be ideal for ensuring long-term
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Fig. 18.14. Return of spontaneous circulation after 1 hour of

cardiac arrest as function of coronary perfusion pressure

generated during CPR. Animals with coronary perfusion

pressures less than 20 in this experiment could not be

resuscitated. (From ref. 4.)
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survival without a high degree of CPR injury. Efforts with
external chest compressions to increase perfusion pressure
above 30 mm Hg do not seem justified because of the resul-
tant CPR-induced trauma and reduced rate of 24-hour
survival.45 In this series, animals that died from CPR-
induced injury had a mean perfusion pressure of 39 mm
Hg, whereas those that survived 24 hours had a mean
perfusion pressure of 29 mm Hg. These results suggest that
coronary perfusion pressure measured during CPR can also
be used as a guide to avoid unnecessary injury when
optimal levels have been achieved.

Although effective or good CPR is associated with a better
outcome, the ability to perform effective or good CPR
appears to be time-dependent, i.e., the longer CPR is
performed, the less likely that compressions remain effec-
tive in terms of sternal displacement or rate per minute. This
phenomenon has been demonstrated in a number of
studies in which instrumented or “recording” manikins
were used to record the chest compression rate and chest
compression depth during uninterrupted, extended CPR
(typically 5 minutes duration).69–72 The study by Ochoa and
colleagues perhaps demonstrates this time effect most
dramatically.70 In that investigation, the authors sought to
evaluate the influence of rescuer fatigue on the quality of
chest compressions and the influence of gender, age,
weight, and height on the reduction of quality CPR. Thirty-
eight healthcare professionals performed chest compres-
sions on a recording manikin for five consecutive minutes.
The manikin recorded the number of compressions per

minute, the depth of sternal depression, and the location of
the site of each compression (hand position). A marked
decline in depth of sternal displacement was observed as
early as the second minute of the trial and the mean time to
fatigue, as verbalized by the participants, was 186 seconds.
Although some compressions were effective, the majority
were not.

A renewed interest in newer CPR methods and the devel-
opment and use of automated devices for CPR73,74 has been
driven, in part, by the limitations of manual chest com-
pressions, namely, decline in effectiveness over time and
inherent interruptions. A number of alternative methods
of CPR have been tested, for both CPP generation and
outcome, and include, but are not limited to, the following.

Manual techniques

IAC-CPR
Interposed abdominal compression CPR (IAC-CPR) is a
method of manual basic life support that has been pro-
posed as a technique to improve coronary perfusion pres-
sure during resuscitation. With this method, abdominal
pressure is applied over the mid abdomen with two hands
during the relaxation phase of chest compressions.
Investigators at Purdue University rediscovered the
hemodynamic advantages of intermittent abdominal
compression during CPR.75 Follow-up studies at Purdue
University verified improvement in coronary perfusion
pressure with the use of interposed abdominal compres-
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sion CPR.76 Two other reports examined the use of this
form of CPR in experimental models, one of which found
no improvement42 and one of which did.77 Three reports
have been published concerning the use of interposed
abdominal compression CPR in human subjects where
coronary perfusion was measured. One patient reportedly
had an increase in coronary perfusion pressure.78 In a sep-
arate series, six patients had no significant increase,49 and,
in the largest series of 14 patients, interposed abdominal
compression had inconsistent effects on the coronary
perfusion pressure.51 Despite these inconsistencies, four
clinical trials comparing IAC-CPR and standard CPR
demonstrated greater rates of initial successful resuscita-
tion and a trend toward an increased survival rate to hos-
pital discharge in the IAC-CPR group.79

ACD-CPR
Another new form or method of CPR is active compression-
decompression CPR (ACD-CPR). Using a chest “suction
cup” apparatus applied to the sternum, ACD-CPR pulls the
anterior chest outward during the relaxation or release
phase of chest compressions performed with the same
device. In contrast, standard CPR allows passive thoracic
recoil between compressions. The active “diastolic” com-
ponent of ACD-CPR generates a negative intrathoracic
pressure resulting in a lower diastolic right atrial pressure
and a greater coronary perfusion pressure.80 Several reports
in experimental models have shown improved diastolic or
relaxation-phase coronary perfusion pressure with the use
of active compression-decompression CPR when com-
pared to standard.73 A number of clinical trials with this
device have also been completed with conflicting results
regarding benefit compared to standard CPR. However, a
combined analysis, using chi-square trend analysis, of the
nearly 3000 patients enrolled in these trials has demon-
strated an increased overall survival rate.81

Mechanical techniques

Circumferential compression of the thorax with an inflat-
able vest-like garment was described in the 1980s and
tested in small, selected clinical populations in the late
1980s and early 1990s.52,56 The design of this device was
based upon the concept of a “thoracic pump” as the driving
force for blood flow during chest compression. Studies
demonstrated that “Vest CPR” increased coronary perfu-
sion pressure in experimental cardiac arrest models and in
patients. However, the device was logistically difficult to
incorporate into clinical resuscitation. Based upon the
thoracic pump theory and success with a circumferential
garment, redesign and experimentation led to substantial

revisions and re-introduction of a thoracic compression
device (AutoPulse™, Revivant Inc., Sunnyvale, CA). This
device incorporates a band applied over the anterior chest
that is rhythmically tightened and released, resulting in a
decrease in thoracic dimension or size of about 20%.
Ongoing experimental animal and clinical studies indicate
that the device produces greater coronary perfusion pres-
sures than those measured during chest compression per-
formed with a mechanical, pneumatic piston device.57,82

An early clinical trial has demonstrated a greater rate of
return of spontaneous circulation treated with the device
when compared to a historical control group who received
conventional, manual CPR.83

Another mechanical device, LUCAS, is also currently
being evaluated. This device incorporates a gas-driven
piston combined with active decompression. LUCAS CPR
produces greater perfusion pressures and resuscitation
rates in experimental animals than a standard, commer-
cially available pneumatic piston device.84

Neither of these mechanical devices nor others in devel-
opment have undergone extensive clinical testing.

Open chest CPR

Open chest cardiac massage or invasive CPR has probably
been the most studied and the most impressive in its ability
to improve coronary perfusion pressure.85 Numerous
studies by resuscitation research groups at the University of
Pittsburgh and the University of Arizona have shown
improvement in hemodynamics, specifically coronary per-
fusion pressure, with the institution of open chest cardiac
massage.39,40,44,47,86,87 Figure 18.16 is an excellent example of
coronary perfusion pressure increasing with open chest
cardiac massage.

A particularly clinically relevant investigation of open-
chest resuscitation was undertaken by Sanders and
colleagues. This study dramatically demonstrated the
importance of the duration of inadequate coronary perfu-
sion pressure on subsequent improvements in perfusion
and ultimate resuscitation from cardiac arrest.40 Invasive
forms of resuscitation often have dramatic effects on coro-
nary perfusion pressure but, because of morbidity associ-
ated with an invasive approach, these treatment options
are often instituted late in the course of resuscitation. In an
experimental model with closed chest CPR efforts for
periods between 15 and 25 minutes, Sanders et al. found
that aggressive intervention, such as open chest cardiac
massage, could improve coronary perfusion pressure
substantially above that achieved with continued closed
chest compressions, but resuscitation would not result if
such therapy was instituted beyond 15 minutes of cardiac
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arrest. Such data imply that improvements in coronary
perfusion pressure may not translate into improved sur-
vival if they come too late in the course of resuscitation
therapy.

In another series of experimental animals undergoing
open chest cardiac massage after a period of ineffective
closed chest compressions, tremendous improvements in
mean coronary perfusion pressure were seen compared to
continued closed chest efforts (65 mm Hg vs. 19 mm Hg).
The animals that had improved coronary perfusion pres-
sure during CPR not only were resuscitated more easily
and survived 24 hours, but also had a better 7-day survival
rate.47 Thus it appears that even during a relatively short
period of CPR, coronary perfusion pressure can be used to
predict long-term 7-day survival.

CPR adjuncts

An inspiratory impedance valve has been developed and
tested during several resuscitation methods or techniques.
The valve is inserted into the ventilation circuit, typically
between an endotracheal tube and self-inflating bag.
During chest compression, the valve opens and allows
passive expiration. During the relaxation phase, the valve
blocks the circuit and negative intrathoracic pressure is
increased. A lower intrathoracic pressure is transmitted to
the right heart, resulting in a lower right atrial pressure and
greater venous return.80 Coronary perfusion pressure is

increased as a result of the lower right atrial pressure. This
valve has been tested during standard, conventional CPR
as well as during ACD-CPR. Coronary perfusion pressure
and systemic perfusion have been shown to be signifi-
cantly better with the valve than without it.88,89

Pharmacologic interventions

One of the main avenues to improve coronary perfusion
pressure has been the use of �-adrenergic agonists. As
understanding of the importance of coronary perfusion
pressure has increased, so has knowledge that certain
�-adrenergic agonists improved coronary perfusion pres-
sure by raising aortic diastolic pressure above increases in
the right atrial diastolic pressure.6–13 Epinephrine was one
of the first agents shown to be effective in this regard.6

Numerous investigators have clearly pointed out the
advantageous increases in coronary perfusion pressure in
response to epinephrine administration during CPR.3–5,90–96

Although adrenergic agonists increase coronary perfu-
sion pressure, their effect on myocardial oxygen consump-
tion is more controversial. Ditchey and Lindenfield were the
first to describe the effect of epinephrine, not only on coro-
nary perfusion pressure, but also on myocardial oxygen
supply and demand.97 They found that, in contrast to a
placebo, epinephrine increased myocardial lactate concen-
tration and decreased myocardial adenosine triphosphate
(ATP) concentration after CPR. They suggested that large
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doses of epinephrine failed to improve the balance between
myocardial oxygen supply and demand during CPR, even
when such agents result in increased coronary blood flow.
However, Brown et al. found that epinephrine improved the
oxygen extraction ratio, which is defined as oxygen utiliza-
tion divided by oxygen delivery, during CPR. They sug-
gested that high-dose epinephrine improved not only
myocardial blood flow, but also oxygen extraction ratios
during CPR when compared with drugs having greater �-
agonism, namely, phenylephrine in two different doses
(0.1 mg/kg and 1.0 mg/kg).92 Lindner et al. found that,
although epinephrine effectively increased both perfusion
pressure and myocardial blood flow, it also increased
myocardial oxygen consumption.96 Epinephrine led to
greater increases in myocardial oxygen consumption than
did norepinephrine, and any advantage in the slight
increase in myocardial blood flow seen with epinephrine
was negated. These authors concluded that norepineph-
rine improved the balance between myocardial oxygen
delivery and myocardial oxygen consumption in contrast to
epinephrine and thereby facilitated the restoration of spon-
taneous circulation.

Numerous animal studies have shown that epinephrine
in doses of 0.2 mg/kg, so-called high-dose epinephrine,
produces substantially higher coronary perfusion pres-
sure and greater myocardial blood flow than does “stan-
dard”-dose epinephrine (0.02 mg/kg).90,91,98 Figure 18.17

represents the graded response to different doses of epi-
nephrine for both coronary perfusion pressure and
myocardial blood flow. Clinical reports on the optimal
dose for generation of coronary perfusion pressure during
CPR are difficult to find. Gonzalez reported increases in
radial artery systolic and diastolic pressures with stepwise
increases in the dose of epinephrine administered to
cardiac arrest patients.99 Paradis and coworkers did study
32 patients whose cardiac arrests were refractory to
advanced cardiac life support, measuring simultaneous
aortic and right atrial pressures to calculate coronary per-
fusion pressure.100 They found an increase in mean coro-
nary perfusion pressure of 4 mm Hg after a standard dose
of epinephrine, with a further increase of 11 mm Hg after
high-dose epinephrine. They concluded that high-dose
epinephrine seemed more likely to raise coronary perfu-
sion pressure above the previously demonstrated critical
value of 15 mm Hg in patients during cardiac arrest.
Despite the preponderance of data supporting the benefit
of high dose epinephrine in animal models, randomized
trials of high-dose vs. standard-dose epinephrine in clini-
cal cardiac arrest have failed to show an improved survival
rate.101,102 However, these studies do demonstrate some
improvement in restoration of spontaneous circulation,
i.e., successful cardiac resuscitation, with high dose epi-
nephrine which would support improved myocardial per-
fusion during resuscitative efforts. Of note, data from
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other studies suggest that epinephrine, even when admin-
istered frequently in standard doses, impairs postresusci-
tation circulatory dynamics and may worsen neurological
outcome.103,104

The best adrenergic agonist for raising coronary per-
fusion pressures is likewise controversial. Brown et al.
reported two studies: one compared epinephrine and
phenylephrine for their effects on coronary perfusion
pressure in an experimental model, and the other com-
pared epinephrine vs. methoxamine. They found that epi-
nephrine produced greater coronary perfusion pressures
than did either of two doses of phenylephrine92 and that
epinephrine-treated animals had significantly higher
coronary perfusion pressures than did methoxamine-
treated animals.105 Other authors compared the effects of
epinephrine and either methoxamine or norepinephrine
on aortic diastolic pressure and mean aortic pressure.
Roberts et al. found that methoxamine produced greater
diastolic aortic pressures than either high-dose or low-
dose epinephrine.106 Lindner et al. found epinephrine and
norepinephrine to have equally potent effects on improv-
ing coronary perfusion pressure during CPR.96 A growing
body of recent literature demonstrates that vasopressin
offers benefit in the resuscitation setting. Activation of
vasopressin receptors in the peripheral circulation
increases arterial tone and the coronary perfusion gradi-
ent. No consensus yet exists concerning the best adrener-
gic agonist for raising coronary perfusion pressure during
resuscitation. A combination of vasopressin and epineph-
rine may be most beneficial.

Non-invasive alternatives to measuring coronary
perfusion pressure during cardiopulmonary
resuscitation

Because of its correlation with myocardial blood flow
produced during CPR and with successful resuscitation
outcome, coronary perfusion pressure is an ideal way
to gauge effectiveness of CPR during the ongoing resusci-
tation effort. It is unfortunate that this measure of the
effectiveness of ongoing CPR is limited in the clinical
setting because these pressures are difficult to obtain and
require intravascular catheters in the aorta and right
atrium. Some clinical studies have accomplished such
catheter placements and coronary perfusion pressure has
been measured, but typically this takes 15 to 30 minutes
after arrival at the hospital, and, although feasible in some
patients, in many patients this is well beyond the usual
time that resuscitation can be expected to be successful.
There is a critical need for a simple, rapid, and preferably

non-invasive measure of the effectiveness of CPR that can
be used early in the resuscitation effort. Monitoring of
end-tidal CO2 exhaled during CPR is one such possibility.
A second is monitoring characteristics of the VF waveform
which may reflect myocardial perfusion during CPR and
predict defibrillation outcome. Carbon dioxide is byprod-
uct of tissue metabolism and is transported to the lung
and eliminated during ventilation. Carbon dioxide deliv-
ery to the lung is dependent upon venous return which is
equal to cardiac output. If ventilation is held constant,
expired carbon dioxide is a measure of pulmonary perfu-
sion and cardiac output. During cardiac arrest, the fall in
cardiac output is accompanied by a decrease in carbon
dioxide transport from the tissues to the pulmonary circu-
lation and a reduction in carbon dioxide elimination from
the lungs. With initiation of CPR and restoration of cardiac
output, pulmonary perfusion is restored, to some degree,
and carbon dioxide elimination returns.

Expired carbon dioxide can be measured by interposing
a capnometer between the endotracheal tube and the ven-
tilation source during CPR. Laboratory studies have shown
excellent correlations between end-tidal CO2 and coronary
perfusion pressure,107 as well as return of spontaneous cir-
culation.108–110 In one study the pattern of changes in end-
tidal CO2 during resuscitation proved to be more significant
than any single reading. Over a 15-minute period of resus-
citation, animals that were eventually resuscitated had
constant and steady levels of end-tidal CO2; animals that
failed to be resuscitated exhibited a steady decline in such
levels.109 Other studies have shown minimal levels of end-
tidal CO2 below which no animals were resuscitated.110

End-tidal CO2 monitoring has also been used in humans to
assess ongoing resuscitation efforts.111–114 None of these
studies measured coronary perfusion pressure, but several
found minimal levels of end-tidal CO2 that appeared to be
required for successful resuscitation.113,114 Although end-
tidal CO2 monitoring has the advantage of being non-
invasive and easy to use, there has been some concern
recently that administration of epinephrine during CPR
may adversely affect the ability of end-tidal CO2 monitor-
ing to predict coronary perfusion pressure, as well as resus-
citation outcome.115–117 Nevertheless, a study in humans
showed that although end-tidal CO2 may decrease tem-
porarily after epinephrine use, the predictive value of this
measurement was not eliminated.117 The electrocardio-
gram is closely monitored during resuscitation efforts and
cardiac rhythms detected during such efforts dictate most
resuscitative interventions. Recent data suggest that com-
puter based analysis of the VF waveform may be useful in
estimating “downtime,” determining the effect of interven-
tions, including CPR, and predicting the outcome of
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countershock. Such analyses typically include some com-
ponent of the amplitude or frequency or both components
of the recorded VF signal and include the mean frequency
by Fourier transformation, both amplitude and frequency
resulting in an amplitude spectrum analysis (AMSA), or
fractal geometric analysis resulting in a scaling expo-
nent.118 Each of these methods has been shown to be pre-
dictive of countershock outcome in animal models of
prolonged cardiac arrest due to VF. Two have been evalu-
ated in the clinical population. Salutary changes in VF
amplitude and frequency have been described following
the initiation of CPR and are likely to reflect the adequacy
of myocardial perfusion and the magnitude of the coro-
nary perfusion gradient.

Summary

Coronary perfusion pressure obtained during CPR is a
useful measurement. The aortic and right atrial pressure
gradient during the relaxation phase of chest compres-
sions defines coronary perfusion pressure during CPR.
This gradient has correlated well with measured myocar-
dial blood flow during CPR and with resuscitation
outcome. Efforts to improve coronary perfusion pressure
and success of resuscitation have centered around the use
of adrenergic agonists and new methods of chest com-
pression or resuscitation techniques, such as open chest
cardiac massage, rapid manual CPR, interposed abdomi-
nal compression CPR, active compression–decompres-
sion CPR, and a number of new and investigational
mechanical CPR methods. Measuring end-tidal CO2 or the
VF waveform may be reasonable non-invasive “surro-
gates” of coronary perfusion pressure in guiding resusci-
tation efforts.
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Ischemic neurological injury accounts for much of the
mortality and most of the morbidity among persons who
are initially resuscitated from cardiac arrest.1,2 This chapter
summarizes what is known about the determinants of
cerebral blood flow during cardiopulmonary resuscitation
(CPR) and the relationship of cerebral blood flow to neuro-
logical outcome.

Cerebral perfusion in the intact circulation has been
characterized as a classical vascular waterfall. Arterial
pressure is the upstream pressure, and cerebrospinal fluid
pressure is the downstream pressure. Pressure in the
venous sinuses is below the downstream pressure; that is,
animal studies demonstrate a significant pressure gradient
between the cortical veins and the sagittal sinus.3–5

Determinants of cerebral blood flow

Halperin et al. reported a close correlation (r
0.89)
between cerebral blood flow and the difference between
carotid arterial pressure and pressure in the lateral ventri-
cle during CPR in dogs.6 Accordingly, the determinants of
carotid arterial pressure and intracranial cerebrospinal
fluid pressure will be reviewed.

At the outset of CPR in laboratory animals, carotid artery
pressure is usually equal to thoracic aortic pressure. As
time goes by, however, carotid arterial pressure tends to
fall, and cerebral blood flow declines in parallel.7 This phe-
nomenon, termed carotid collapse, appears to be medi-
ated by loss of vascular tone and physical collapse of the
carotid artery at the thoracic inlet.7,8 �-Adrenergic agents
and pressor doses of adrenalin reverse carotid collapse, in
part by increasing the rigidity of the carotid artery and in

part by raising peripheral resistance, thus limiting the
runoff of blood to non-essential vascular beds.7 In animal
studies, if CPR is begun immediately after the onset of
cardiac arrest, carotid pressure remains as high as thoracic
aortic pressure over periods of 1 hour or more as long as
peripheral resistance is maximized.

Under conditions of intense �-adrenergic stimulation,
carotid arterial pressure appears to be maximized by the
same maneuvers that maximize thoracic aortic pressure.
For the most part, this means applying the maximal
amount of compression force that the sternum can with-
stand. Maintenance of compression for 40% to 60% of each
compression-release cycle is important in dogs and prob-
ably in humans.9 Binding the abdomen also increases tho-
racic aortic and carotid artery pressure, but, for the reasons
cited below, abdominal binding may not maximize cere-
bral perfusion.

Intracranial cerebrospinal fluid pressure, the down-
stream pressure for cerebral blood flow, fluctuates syn-
chronously with intrathoracic pressure during CPR. About
one-third of the fluctuation in intrathoracic pressure is
transmitted to the intracranial space in dogs with normal
intracranial pressure. This pressure transmission takes
place via non-valved veins (e.g., the paravertebral venous
plexus) and cerebrospinal fluid. Evidence supporting this
statement is summarized in the following paragraphs.

Intracranial pressure during CPR is unrelated to either
carotid arterial or jugular venous pressure, as evidenced by
the facts that balloon occlusion of the proximal aorta,
which abolishes carotid flow and pressure, and interrup-
tion of the jugular venous valve at the thoracic inlet, which
raises jugular pressure to the same level as intrathoracic
pressure, have no effect on intracranial pressure changes
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during chest compression.10 This lack of effect of jugular
pressure on intracranial pressure is explained by more
cephalad valves in the jugular system.

Ligation of the cervical spinal cord reduces fluctuations
in intracranial pressure by about one-third. The remaining
pressure transmission occurs along vascular channels, as
indicated by exsanguination of dogs during CPR, a maneu-
ver that abolishes changes in intracranial pressure. Ligation
of the paraspinal veins substantially reduces the intracra-
nial pressure changes, indicating that the paravertebral
venous plexus and perhaps other non-valved veins in the
posterior cerebral circulation are responsible for the bulk of
transmission of intrathoracic pressure to the intracranial
space.10

Intracranial capacitance

The magnitude of transmission of intracranial pressure to
the intracranial space is increased under conditions of ele-
vated intrathoracic pressure and by abdominal binding.10

These observations are explained by the abrupt limits of
intracranial capacitance. The translocation of any given
amount of venous blood and cerebrospinal fluid from the
thorax to the intracranial space will produce larger pres-
sure fluctuations in a closed space that is already on the
lower compliance part of its volume pressure curve (ele-
vated intracranial pressure). Alternatively, maneuvers such
as abdominal binding, which simultaneously increases
intrathoracic pressure during chest compression and
impedes the flow of blood and cerebrospinal fluid from the
thorax into the abdomen, result in the translocation of
more fluid into the intracranial space.

Relationship of cerebral perfusion pressure
and blood flow to cerebral metabolism and
neurologic outcome

In pentobarbital-treated dogs in which CPR is initiated
immediately on induction of ventricular fibrillation, cere-
bral blood flow of approximately 30 ml/min per 100 g is
sufficient to maintain cerebral oxygen consumption and
adenosine triphosphate (ATP) at prearrest levels for almost
1 hour.11 This level of cerebral perfusion can be achieved
with a cerebral perfusion pressure of about 30 mmHg.6,11

Under conditions of normal intracranial pressure, and in
the absence of abdominal binding, this level of cerebral
perfusion pressure occurs when mean aortic pressure is
55 to 60 mm Hg. Animals so treated wake up and appear
normal after as much as 60 minutes of CPR. Despite

maintenance of constant cerebral perfusion pressure,
cerebral blood flow may deteriorate over time when the
initiation of CPR is delayed.11 This phenomenon is thought
to be mediated by a multitude of factors, including
increased blood viscosity, intravascular coagulation, con-
striction of blood vessels, vascular/perivascular edema.12

Clinical implications

Abundant evidence exists that the human brain cannot
tolerate more than 4 or 5 minutes of complete cessation
of blood flow,2 and there is some research in humans
suggesting that CPR can generate cerebral perfusion pres-
sures greater than 25 mmHg and potential normal oxygen
tension if CPR is started immediately after cardiac arrest.13 If
CPR is delayed for even a few minutes after cardiac arrest,
however, it is unlikely that standard CPR can generate suffi-
cient cerebral blood flow to preserve normal cerebral viabil-
ity until cardiac function is restored.11 This observation may
explain in part why cardiac arrest has such high neurologi-
cal morbidity and mortality. Therefore, new methods are
needed to improve cerebral blood flow and subsequent neu-
rological outcome from cardiac arrest. Methods to improve
cerebral blood flow and neurological outcome from car-
diopulmonary resuscitation have included the following:
(1) medications (vasopressin and epinephrine, HBOC)
(2) CPR techniques and devices

open chest CPR
minimally invasive CPR
AutoPulse Vest CPR
active compression–decompression CPR
intermittent threshold valve (ITV)
intraaortic balloon
cardiopulmonary bypass (CPB)

(3) hypothermia
(4) combination therapy
Vasopressin is a peptide of neuronal origin produced in the
hypothalamus.14 Vasopressin was recognized to have a role
in cardiac arrest as early as the 1960s, but research into its
use for treatment of cardiac arrest did not begin until the
1990s. The discovery that higher levels of this peptide were
present in patients resuscitated from cardiac arrest moti-
vated investigators to develop vasopressin as a therapy for
cardiac arrest.15 Laboratory studies have shown that vaso-
pressin given during cardiac arrest increases cerebral blood
flow via cerebral vasodilatation and by increasing central
aortic and carotid systolic pressure, while producing return
of spontaneous circulation similar to that of adrenalin.16 In
addition, when vasopressin was added to adrenalin therapy
during cardiac arrest in laboratory animals, neurological
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outcome improved. The result of vasopressin in clinical
trials is less clear. A preliminary human study comparing
epinephrine to vasopressin for the treatment of cardiac
arrest showed an improved survival rate in the vasopressin
group, but there was no difference in neurological outcome
in survivors of either group.17 A larger clinical trial showed
no difference between epinephrine and vasopressin on sur-
vival or neurological outcome in cardiac arrest patients
unless the cardiac arrest was prolonged. A subgroup analy-
sis of these patients suggested that those patients with asys-
tole may have improved survival if epinephrine was
followed by vasopressin for resuscitation.18 Nonetheless, a
review of all clinical trials comparing vasopressin to epi-
nephrine does not show a clear advantage of vasopressin
over epinephrine in improving survival or neurological
outcome from cardiac arrest.19 Regardless, the International
Liaison Committee on Resuscitation (ILCOR) and the
American Heart Association’s (AHA) 2001 guidelines state
that “vasopressin can be used once as an alternative to epi-
nephrine for the treatment of shock-refractory ventricular
fibrillation.”20

Hemoglobin-based oxygen-carrying (HBOC) agents
have been extensively studied for use in the treatment of
hemorrhagic shock.21 In addition to their ability to deliver
oxygen to tissues, HBOCs have significant vasopressor
effects.22 These properties of HBOC agents may explain
why its intravenous administration during CPR in labora-
tory animals improved cerebral perfusion pressure and
oxygen delivery to tissues when compared with normal
saline.23 HBOC agents also improve resuscitation rates
in laboratory animals, but no studies on neurological
outcome were performed. There are also no studies of use
of HBOC agents in humans during cardiac arrest.

Experiments in laboratory animals have shown that
open chest CPR is superior to closed chest CPR in generat-
ing blood flow to the brain during cardiac arrest and
increasing resuscitation rates 24. The neurological outcome
is also significantly improved with open chest CPR.25,26

These results were so impressive that open chest CPR was
recommended for use in humans after failure of standard
closed chest CPR.27 However, the simplicity of closed chest
CPR and the social, fear of infection, and financial and legal
concerns about open chest cardiac massage have limited
its use since the arrival of closed chest CPR in the 1960s.28

Minimally invasive direct cardiac massage (MIDCM) was
developed as an alternative to thoracotomy for performing
direct cardiac massage during CPR and does increase
resuscitation rates and blood flow to vital organs com-
pared with closed chest CPR.29 No clinical trials are cur-
rently available, however, to evaluate the efficacy of this
method of resuscitation.

A multitude of mechanical methods have been devel-
oped to improve upon standard closed chest CPR. The
methods have been developed to increase cerebral blood
flow during cardiac arrest and improve resuscitation rates
in the hope that these characteristics of the modified CPR
will improve neurological outcome and survival as out-
lined above. A review of these devices was conducted by
Smith in 2002.30 A few of some of these methods with
respect to cerebral blood flow and human application are
provided below.

AutoPulse (Revivant, California) CPR is performed with
a band that wraps around and compresses the chest with
an automated device.31 The device increased cerebral
blood flow during cardiac arrest in swine when the resus-
citation was initiated 1 minute after the onset of ventricu-
lar fibrillation.31 The device has been applied to a group of
terminally ill patients and hemodynamic monitoring
demonstrated that the coronary perfusion pressure was
increased from 15 mmHg (standard CPR) to 20 mmHg
(AutoPulse). Several before and after cohort studies have
reported improved short-term outcome; however, the
ASPIRE trial (a randomized, prospective trial) reported no
difference in 4-hour survival and a decrease in survival to
hospital discharge rate with AutoPulse.

Active compression-decompression (ACD) CPR was dis-
covered when a layperson used a plumber’s plunger to
resuscitate a family member.32 ACD CPR is unique in that a
suction device, instead of passive recoil of the chest during
standard CPR, is used to re-expand the chest after a chest
compression. ACD CPR in pigs increases cerebral blood
flow and coronary blood flow when compared to standard
CPR if the resuscitation is started 30 seconds after the onset
of ventricular fibrillation.33 An impedance threshold device
(ITD) is a one-way valve that creates a negative pressure in
the thorax during chest decompression and increases
venous return to the heart and cerebral blood flow by 20%
compared to standard CPR during cardiac arrest in pigs.34

In a 3-year study that analyzed 210 victims of out of hospi-
tal cardiac arrest, ACD CPR in combination with the inter-
mittent threshold device (ITD) significantly improved
24-hour survival.35 In a subgroup analysis of patients with a
greater than 10-minute delay in initiation of resuscitation
by EMS, the 24-hour survival of the ACD with ITD group
(44%) was even greater when compared with the standard
CPR group (14%). Although the rate of hospital discharge
for patients with witnessed arrest was 23% for the ACD with
ITD group compared with 15% in the standard CPR group
(15%), it did not reach statistical significance.35 The per-
centage of patients with normal neurological outcome
was higher in the ACD with ITD group (15%) compared
with standard CPR (5%), but also did not reach statistical
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significance. To appreciate the potential benefit of ITD with
ACD CPR, when 400 patients with prehospital cardiac arrest
all had ACD performed and ITD was used only in the treat-
ment group, the ITD group had a 40% 24-hour survival
versus 29% in controls (P � 0.03).36 Six out of ten survivors
in the ACD plus ITD group had normal neurological
outcome, while one of eight survivors in the ACD non-ITD
group had good neurological outcome, but again the results
did not reach statistical significance (P� 0.10).

Transfemoral balloon-catheter aortic occlusion during
cardiac arrest in a canine model of open chest CPR
increased coronary and cerebral perfusion pressure 100%
when compared with controls.37 In contrast, transfemoral
catheter balloon occlusion of the aorta alone during CPR in
a canine model of closed chest CPR did not improve coro-
nary perfusion pressures or resuscitation rates when resus-
citation efforts and balloon inflation were initiated 20
minutes after the onset of ventricular fibrillation.38 In two
separate studies, intraaortic balloon catheter occlusion did
increase coronary and cerebral perfusion pressure 39 as
well as return of spontaneous circulation 40 in a pig model,
provided that the balloon and resuscitative efforts were ini-
tiated 8 minutes after the onset of ventricular fibrillation.
When epinephrine was administered proximal to the
occluded aorta via the aortic catheter during CPR, it
increased coronary perfusion pressure as shown in earlier
studies,41 but provided no further increase in cerebral
blood flow.42 Administration of vasopressin through an
intraaortic catheter proximal to the occluding aortic
balloon increased cerebral blood flow more than the aortic
occlusion alone during cardiac arrest when CPR was per-
formed.43 In addition, cerebral blood flow remained ele-
vated during reperfusion even though the balloon was
deflated, suggesting that vasopressin was better than the
aortic balloon in maintaining elevated cerebral blood flow
during reperfusion because of its vasodilatatory proper-
ties.43 The intraaortic balloon catheter has also been used
for selective perfusion of the aortic arch during CPR.38,41

Perfusion with an oxygen-carrying solution increases
resuscitation rates and the speed of resuscitation, but its
combined effects on cerebral blood flow and neurological
outcome are unknown.44

Cardiopulmonary bypass (CPB) increases resuscitation
rates, cerebral blood flow, survival, and neurological recov-
ery in laboratory experiments of cardiac arrest.45,46 A feasi-
bility study showed that CPB could be initiated in the
emergency department and all cardiac arrest patients had
a return of spontaneous circulation.47 Nevertheless, CPB
was not initiated until an average of 30 minutes after the
onset of cardiac arrest and there were no long term sur-
vivors. A review of multiple human studies of CPB during

cardiac arrest suggests that CPB may have a role in the
future care of cardiac arrest victims.48

Mild hypothermia induced during cardiac arrest is the
only therapy shown to improve survival and neurological
outcome in victims of out of hospital cardiac arrests.49–51 In
addition to reducing brain injury caused by reperfusion
disease, mild hypothermia attenuates the decrease in
blood flow that occurs with delays in initiating CPR,12

although a brief period of hypothermia after resuscitation
from cardiac arrest did not alter regional blood flow when
compared with normothermic controls.52

There currently is no single therapy that dramatically
increases resuscitation rates from cardiac arrest and pro-
duces consistent normal neurological outcome. Therefore,
it is likely that the combination of the above therapies in
addition to development of new techniques and drug
cocktails will be needed to achieve the breakthrough effect
being sought to treat victims of cardiac arrest.

REFERENCES

1. Levy, D.E., Bates, D., Caronna, J.J. et al. Prognosis in nontrau-

matic coma. Ann. Intern. Med. 1981; 94(3): 293–301.

2. Longstreth, W.T., Jr., Inui, T.S., Cobb, L.A. & Copass, M.K.

Neurologic recovery after out-of-hospital cardiac arrest. Ann.

Intern. Med. 1983; 98(5 Pt 1): 588–592.

3. Luce, J.M., Huseby, J.S., Kirk, W. & Butler, J. A. Starling resistor

regulates cerebral venous outflow in dogs. J. Appl. Physiol.

1982; 53(6): 1496–1503.

4. Nakagawa, Y., Tsuru, M. & Yada, K. Site and mechanism

for compression of the venous system during experimental

intracranial hypertension. J. Neurosurg. 1974; 41(4):

427–434.

5. Shulman, K. Small artery and vein pressures in the subarach-

noid space of the dog. J. Surg. Res. 1965; 45: 56–61.

6. Halperin, H.R., Tsitlik, J.E., Guerci, A.D. et al. Determinants of

blood flow to vital organs during cardiopulmonary resuscita-

tion in dogs. Circulation 1986; 73(3): 539–550.

7. Michael, J.R., Guerci, A.D., Koehler, R.C. et al. Mechanisms by

which epinephrine augments cerebral and myocardial perfu-

sion during cardiopulmonary resuscitation in dogs. Circulation

1984; 69(4): 822–835.

8. Yin, F.C., Cohen, J.M., Tsitlik, J., Zola, B. & Weisfeldt, M.L.

Role of carotid artery resistance to collapse during high-

intrathoracic-pressure CPR. Am. J. Physiol. 1982; 243(2):

H259–H267.

9. Taylor, G.J., Tucker, W.M., Greene, H.L., Rudikoff, M.T. &

Weisfeldt, M.L. Importance of prolonged compression during

cardiopulmonary resuscitation in man. N. Engl. J. Med. 1977;

296(26): 1515–1517.

10. Guerci, A.D., Shi, A.Y., Levin, H., Tsitlik, J., Weisfeldt, M.L. &

Chandra, N. Transmission of intrathoracic pressure to the

392 U. Ebmeyer et al.



intracranial space during cardiopulmonary resuscitation in

dogs. Circ. Res. 1985; 56(1): 20–30.

11. Eleff, S.M., Kim, H., Shaffner, D.H., Traystman, R.J. & Koehler,

R.C. Effect of cerebral blood flow generated during cardiopul-

monary resuscitation in dogs on maintenance versus recovery

of ATP and pH. Stroke 1993; 24(12): 2066–2073.

12. Shaffner, D.H., Eleff, S.M., Koehler, R.C. & Traystman, R.J.

Effect of the no-flow interval and hypothermia on cerebral

blood flow and metabolism during cardiopulmonary resusci-

tation in dogs. Stroke 1998; 29(12): 2607–2615.

13. Imberti, R., Bellinzona, G., Riccardi, F., Pagani, M. & Langer, M.

Cerebral perfusion pressure and cerebral tissue oxygen

tension in a patient during cardiopulmonary resuscitation.

Intens. Care Med. 2003; 29(6): 1016–1019.

14. Gainer, H., Loh, Y.P. & Russell, J.T. Biosynthesis of neuronal

peptides: implications for neurobiology. Prog. Biochem.

Pharmacol. 1980; 16: 60–68.

15. Lindner, K.H., Strohmenger, H.U., Ensinger, H., Hetzel, W.D.,

Ahnefeld, F.W. & Georgieff, M. Stress hormone response during

and after cardiopulmonary resuscitation. Anesthesiology 1992;

77(4): 662–668.

16. Lindner, K.H., Prengel, A.W., Pfenninger, E.G. et al. Vasopressin

improves vital organ blood flow during closed-chest car-

diopulmonary resuscitation in pigs. Circulation 1995; 91(1):

215–221.

17. Lindner, K.H., Dirks, B., Strohmenger, H.U., Prengel, A.W.,

Lindner, I.M. & Lurie, K.G. Randomised comparison of epi-

nephrine and vasopressin in patients with out-of-hospital

ventricular fibrillation. Lancet 1997; 349(9051): 535–537.

18. Wenzel, V., Krismer, A.C., Arntz, H.R., Sitter, H., Stadlbauer,

K.H. & Lindner, K.H. A comparison of vasopressin and epi-

nephrine for out-of-hospital cardiopulmonary resuscitation.

N. Engl. J. Med. 2004; 350(2): 105–113.

19. Aung, K. & Htay, T. Vasopressin for cardiac arrest: a systematic

review and meta-analysis. Arch. Intern. Med. 2005; 165(1):

17–24.

20. Kern, K.B., Halperin, H.R., & Field, J. New guidelines for car-

diopulmonary resuscitation and emergency cardiac care:

changes in the management of cardiac arrest. J. Am. Med.

Assoc. 2001; 285(10): 1267–1269.

21. Arnoldo, B.D. & Minei, J.P. Potential of hemoglobin-based

oxygen carriers in trauma patients. Curr. Opin. Crit. Care 2001;

7(6): 431–436.

22. Reah, G., Bodenham, A.R., Mallick, A., Daily, E.K. &

Przybelski, R.J. Initial evaluation of diaspirin cross-linked

hemoglobin (DCLHb) as a vasopressor in critically ill patients.

Crit. Care Med. 1997; 25(9): 1480–1488.

23. Chow, M.S., Fan, C., Tran, H., Zhao, H. & Zhou, L. Effects of

diaspirin cross-linked hemoglobin (DCLHb) during and post-

CPR in swine. J. Pharmacol. Exp. Ther. 2001; 297(1): 224–229.

24. Bircher, N. & Safar, P. Comparison of standard and “new”

closed-chest CPR and open-chest CPR in dogs. Crit. Care Med.

1981; 9(5): 384–385.

25. Bircher, N. & Safar, P. Cerebral preservation during cardiopul-

monary resuscitation. Crit. Care Med. 1985; 13(3): 185–190.

26. Kern, K.B., Sanders, A.B., Badylak, S.F. et al. Long-term survival

with open-chest cardiac massage after ineffective closed-chest

compression in a canine preparation. Circulation 1987; 75(2):

498–503.

27. Del Guercio, L.R.M. Open chest cardiac massage: an overview.

Resuscitation 1987; 15: 9–11.

28. Kouwenhoven, W.B., Jude, J.R. & Knickerbocker, G.G. Closed-

chest cardiac massage. J. Am. Med. Assoc. 1960; 173: 1064–1067.

29. Paiva, E.F., Kern, K.B., Hilwig, R.W., Scalabrini, A. & Ewy, G.A.

Minimally invasive direct cardiac massage versus closed-chest

cardiopulmonary resuscitation in a porcine model of pro-

longed ventricular fibrillation cardiac arrest. Resuscitation

2000; 47(3): 287–299.

30. Smith T. Alternative cardiopulmonary resuscitation devices.

Curr. Opin. Crit. Care 2002; 8(3): 219–223.

31. Halperin, H.R., Paradis, N., Ornato, J.P. et al. Cardiopulmonary

resuscitation with a novel chest compression device in a

porcine model of cardiac arrest: improved hemodynamics and

mechanisms. J. Am. Coll. Cardiol. 2004; 44(11): 2214–2220.

32. Lurie, K.G., Lindo, C. & Chin, J. CPR: the P stands for plumber’s

helper. J. Am. Med. Assoc. 1990; 264(13): 1661.

33. Lindner, K.H., Pfenninger, E.G., Lurie, K.G., Schurmann, W.,

Lindner, I.M. & Ahnefeld, F.W. Effects of active compression-

decompression resuscitation on myocardial and cerebral

blood flow in pigs. Circulation 1993; 88(3): 1254–1263.

34. Lurie, K.G., Mulligan, K.A., McKnite, S., Detloff, B.,

Lindstrom, P. & Lindner, K.H. Optimizing standard cardiopul-

monary resuscitation with an inspiratory impedance thresh-

old valve. Chest 1998; 113(4): 1084–1090.

35. Wolcke, B.B., Mauer, D.K., Schoefmann, M.F. et al. Comparison

of standard cardiopulmonary resuscitation versus the combi-

nation of active compression-decompression cardiopul-

monary resuscitation and an inspiratory impedance threshold

device for out-of-hospital cardiac arrest. Circulation 2003;

108(18): 2201–2205.

36. Plaisance, P., Lurie, K.G., Vicaut, E. et al. Evaluation of an

impedance threshold device in patients receiving active

compression-decompression cardiopulmonary resuscitation

for out of hospital cardiac arrest. Resuscitation 2004; 61(3):

265–271.

37. Wesley, R.C., Jr. & Morgan, D.B. Effect of continuous intra-

aortic balloon inflation in canine open chest cardiopulmonary

resuscitation. Crit. Care Med. 1990; 18(6): 630–633.

38 Paradis, N.A., Rose, M.I. & Gawryl, M.S. Selective aortic perfu-

sion and oxygenation: an effective adjunct to external chest

compression-based cardiopulmonary resuscitation. J. Am.

Coll. Cardiol. 1994; 23(2): 497–504.

39. Sesma, J., Labandeira, J., Sara, M.J., Espila, J.L., Arteche, A. &

Saez, M.J. Effect of intra-aortic occlusion balloon in external

thoracic compressions during CPR in pigs. Am. J. Emerg. Med.

2002; 20(5): 453–462.

40. Gedeborg, R., Rubertsson, S. & Wiklund, L. Improved haemo-

dynamics and restoration of spontaneous circulation with

constant aortic occlusion during experimental cardiopul-

monary resuscitation. Resuscitation 1999; 40(3): 171–180.

CBF and neurological outcome after cardiac arrest 393



41. Manning, J.E., Murphy, C.A., Jr., Hertz, C.M., Perretta, S.G.,

Mueller, R.A. & Norfleet, E.A. Selective aortic arch perfusion

during cardiac arrest: a new resuscitation technique. Ann.

Emerg. Med. 1992; 21(9): 1058–1065.

42. Nozari, A., Rubertsson, S. & Wiklund, L. Intra-aortic adminis-

tration of epinephrine above an aortic balloon occlusion

during experimental CPR does not further improve cerebral

blood flow and oxygenation. Resuscitation 2000; 44(2):

119–127.

43. Nozari, A., Rubertsson, S. & Wiklund, L. Improved cerebral

blood supply and oxygenation by aortic balloon occlusion

combined with intra-aortic vasopressin administration

during experimental cardiopulmonary resuscitation. Acta.

Anaesthesiol. Scand. 2000; 44(10): 1209–1219.

44. Manning, J.E., Batson, D.N., Payne, F.B. et al. Selective aortic

arch perfusion during cardiac arrest: enhanced resuscitation

using oxygenated perflubron emulsion, with and without

aortic arch epinephrine. Ann. Emerg. Med. 1997; 29(5):

580–587.

45. Safar, P., Abramson, N.S., Angelos, M. et al. Emergency car-

diopulmonary bypass for resuscitation from prolonged

cardiac arrest. Am. J. Emerg. Med. 1990; 8(1): 55–67.

46. Sterz, F., Leonov, Y., Safar, P. et al. Multifocal cerebral blood flow

by Xe-CT and global cerebral metabolism after prolonged

cardiac arrest in dogs. Reperfusion with open-chest CPR or

cardiopulmonary bypass. Resuscitation 1992; 24(1): 27–47.

47. Martin, G.B., Rivers, E.P., Paradis, N.A., Goetting, M.G., Morris,

D.C. & Nowak, R.M. Emergency department cardiopulmonary

bypass in the treatment of human cardiac arrest. Chest 1998;

113(3): 743–751.

48. Dunning, J. & Levine, A. Best evidence topic report.

Cardiopulmonary bypass and the survival of patients in

cardiac arrest. Emerg. Med. J. 2004; 21(4): 499–501.

49. Mild therapeutic hypothermia to improve the neurologic

outcome after cardiac arrest. N. Engl. J. Med. 2002; 346(8):

549–556.

50. Bernard, S.A., Gray, T.W., Buist, M.D. et al. Treatment of

comatose survivors of out-of-hospital cardiac arrest with

induced hypothermia. N. Engl. J. Med. 2002; 346(8): 557–563.

51. Holzer, M., Bernard, S.A., Hachimi-Idrissi, S., Roine, R.O.,

Sterz, F. & Mullner, M. Hypothermia for neuroprotection after

cardiac arrest: systematic review and individual patient data

meta-analysis. Crit. Care Med. 2005; 33(2): 414–418.

52. Oku, K., Sterz, F., Safar, P. et al. Mild hypothermia after cardiac

arrest in dogs does not affect postarrest multifocal cerebral

hypoperfusion. Stroke 1993; 24(10): 1590–1597.

394 U. Ebmeyer et al.



Introduction

The pharmacology of resuscitation is largely based on
anecdotal evidence and descriptive research rather than
on objective scientific experimentation. Our understand-
ing of the pharmacokinetics (PK) and pharmacodynamics
(PD) of drugs used to resuscitate victims of cardiac arrest is
also limited by ethical and experimental constraints.

Animal models of cardiac arrest and cardiopulmonary
resuscitation (CPR), jointly with clinical studies, have con-
siderably increased our understanding of the pathophysi-
ology of cardiac arrest and significantly improved our
ability to resuscitate victims of cardiac arrest.1–7 The great
majority of such studies, however, were designed to address
interventions to improve resuscitation rather than to inves-
tigate the pharmacological profile of drugs used in settings
of cardiac arrest and reperfusion.8–10 Even less evidence is
available on the PK of administration of multiple drugs, a
more complex but realistic scenario. During resuscitative
efforts, i.e., low flow reperfusion, significant shunting of
blood to vital organs occurs.11–13 The use of vasopressors in
this setting further modifies the patterns of blood flow dis-
tribution, in all likelihood affecting the PK of concomitantly
administered drugs.11,14–18

The time from onset of cardiopulmonary arrest until
restoration of an effective spontaneous circulation is the
single most important determinant of long-term survival
and neurological outcome. Prompt initiation of CPR and
defibrillation of ventricular fibrillation (VF) or pulse-
less ventricular tachycardia (VT) are more likely to alter
patient outcome than is pharmacologic management.19,20

Nevertheless, treatment with pharmacologic agents is fre-
quently required in patients with VF or VT that is refractory

to electrical shocks and in patients with asystole or pulse-
less electrical activity (PEA).21,22

The use of pharmacological agents during CPR has been
associated with a poor clinical outcome, despite initial
restoration of spontaneous circulation, ultimately leading
to skepticism on the effectiveness of drug therapy during
CPR.8,19,20,23 Several factors may hamper the effectiveness
of pharmacological interventions during CPR. Pharma-
cological agents are used during resuscitation efforts with
scant, if any, knowledge of the patient history, underlying
medical conditions, or current medical therapy. As for
other interventions in settings of cardiac arrest, time
appears to be a critical factor.23 Therapeutic agents may
well be administered too late or under suboptimal condi-
tions throughout resuscitation efforts to have a significant
impact on survival, with average delays in clinical trials as
long as 20–25 minutes.21,24 In settings of VF/VT, current
guidelines advocate the use of vasopressors and antiar-
rhythmic agents only when such rhythms are recurrent or
refractory to multiple shocks, thereby resulting in a con-
siderable delay.25,26 Airway management and vascular
access may further delay drug administration and ulti-
mately compromise delivery to end organ targets because
of the poor blood flow generated during prolonged closed
chest compression.3,27,28 Moreover, the time interval that
precedes the initiation of resuscitation efforts may be
extremely variable or not known with precision. With the
progression of ischemia, factors such as acidosis, hypox-
emia, downregulation of receptors, target end organ
damage, and impaired metabolism and excretion may all
interfere with the PD properties of pharmacologic agents,
thereby hindering drug effectiveness.29 Despite our
progress in understanding the derangements that follow
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global myocardial ischemia, little is known about the PK
and PD profiles of drugs in this setting.13,30–35

The present chapter provides an overview of the patho-
physiology of cardiac arrest and reperfusion, reviews basic
pharmacological concepts, their (increasingly studied)
underlying genetic variability, and the clinical pharmacol-
ogy pertinent to the drugs used in settings of cardiac arrest
and reperfusion.

Pathophysiologic considerations during cardiac
arrest and reperfusion

The pathophysiology of cardiac arrest is characterized by
the abrupt cessation of forward blood flow. Within
seconds, global myocardial ischemia initiates a continuum
of progressive intracellular derangements (Fig. 20.1).
These changes, which become progressively more severe
with time, are initially reversible; eventually, however,
with increasing duration of ischemia, irreversible injury
occurs.36 Both the heart and the brain have high metabolic
demands despite a relatively small mass, thus tolerating
only a very limited period of global ischemia.

This is particularly true during VF/VT when the
myocardium consumption of high energy substrate
increases dramatically.37–39 Ischemic contracture soon
develops as a manifestation of severe ischemia. It becomes
manifest when ATP levels are less than 10% of normal40 and
is characterized by progressive thickening of the left ven-
tricular wall leading to a ventricular cavity size.3,28 As a
result, ventricular preload is compromised, and the amount
of blood ejected by chest compression is reduced,41 partly
explaining the characteristic time-dependent decreases in
the hemodynamic efficacy of closed-chest resuscitation.42

Under normal conditions the brain receives approxi-
mately 15% of the body’s cardiac output. Consciousness is

lost within 15 seconds of cardiac arrest, and brain stem
function ceases within 1 minute. Although neurons have
been shown to maintain some electrical activity for up to 60
minutes of complete ischemia, the maintenance of ade-
quate cerebral perfusion during CPR is essential for sur-
vival.43–45 Brain adenosine triphosphate (ATP) is depleted
after 4–6 minutes of no-flow and it returns nearly to normal
within 6 minutes of starting CPR. Animal models suggest
that good neurologic outcome may be possible for 10- to 15
minute periods of normothermic cardiac arrest, pending
on prompt restoration of cerebral perfusion by artificial
means.46

Intracellular metabolic derangements

Reductions in oxygen delivery and metabolic waste
removal during cardiac arrest alter cellular function and
homeostasis. Myocytes have three pathways of energy pro-
duction: glycolysis, glucose oxidation, and fatty acid oxida-
tion. In contrast, neurons are unable to metabolize fatty
acids. Reduced oxygen delivery requires both neurons and
myocytes to switch to the only anaerobic metabolism: gly-
colysis. Out of 1 molecule of glucose, this inefficient anaer-
obic process generates 2 molecules of ATP and lactate, as
compared to the 38 molecules of ATP produced via the
aerobic pathway. Glycolysis, which normally accounts of
1– 5% of energy production, under anaerobic conditions
becomes the most important source of energy production
at the expense of glucose and of free fatty acid oxidation.47

The result is not only an increased production of lactate –
responsible for intracellular acidosis – but also of free fatty
acids, which are potent cytotoxic agents.48

The shift of global ischemic injury from reversibility
to irreversibility is related to a critical decrease in concen-
trations of high-energy phosphate compounds and/or in
free energy change of ATP hydrolysis.49, 50 The decrease in
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high-energy phosphate levels inhibits the Na� pump,
which results in Ca2� overload. At this stage, reperfusion
does not result in recovery, but instead it may actually
aggravate the situation by activating positive feedback
mechanisms.

Restoration of spontaneous circulation

The aim of CPR is to promote a low-flow state sufficient to
maintain both brain and heart viablility. Hence, CPR
therapy is directed at sustaining vital organ function until
natural cardiac function is restored.

Available data suggest that a myocardial blood flow of at
least 16 ml min�1 per 100 g, and a cerebral blood flow of at
least 10 ml min�1 per 100 g, are required to meet these
metabolic demands during VF.51–57 Myocardial and cere-
bral blood flow in animal models of cardiac arrest, and
coronary perfusion pressure (CPP) in humans, are usually
below these minimal levels during standard external CPR,
especially after prolonged CPR and without the use of
vasopressor agents.53,56,58,59 During cardiac arrest, pul-
monary blood flow produced by conventional closed-
chest CPR is less than 20% of normal, and transalveolar
drug absorption is likely to be minimal.16–18

Vasopressor agents administered during CPR increase
aortic diastolic pressure, but not right atrium diastolic
pressure, hence increasing CPP (i.e., the difference
between aortic diastolic pressure and right atrial diastolic
pressure).60 The rationale for administration of vasopres-
sor agents during CPR is to restore threshold levels of CPP
and, therefore, myocardial blood flow. Restoration of
threshold levels of coronary perfusion is the single overrid-
ing determinant of the success of the resuscitation effort,
especially when the duration of untreated cardiac arrest
exceeds 4 minutes.11,53,57,61–67

Reperfusion

Restoration of coronary flow increases the release
of oxygen free radicals, cytokines, and other pro-
inflammatory mediators that activate both neutrophils
and the coronary vascular endothelium. The end result of
this cascade reaction is reperfusion injury with endothelial
dysfunction, microvascular collapse and blood flow
defects, and additional cell necrosis and apoptosis.68

Upon reperfusion, cells often swell owing to increased
osmotic pressure generated during ischemia.69 The result-
ing increase in extravascular resistance eventually occludes
the nutritive vessels. The importance of this phenomenon
has been demonstrated by observing improved recovery of
electrical and biochemical functions when the osmotic

pressure of the reperfusing solution is increased to levels
above normal to avoid cell swelling.69

Dangers secondary to reperfusion of ischemic tissue
may also result from altered Ca2� homeostasis. During
ischemia the concentration of free Ca2� may increase sec-
ondary to release of Ca2� from the sarcoplasmic reticulum
and mitochondria. Upon reperfusion the pH is rapidly
restored, leading to considerable pH gradients. The sar-
colemmal Na�–H� exchanger restores intracellular pH
after ischemia, leading to further increases in intracellular
Na� levels. Increased sarcolemmal Na� influx with subse-
quent intracellular Na� overload resulting from the inabil-
ity of the Na�–K� pump to extrude Na� during myocardial
ischemia has been recognized as an important pathogenic
mechanism of cell injury during ischemia and reperfu-
sion.70–72 Na� becomes a “substrate” for reperfusion
injury73 and intensifies processes detrimental to cell func-
tion. The principal routes for Na� entry are Na�–H�

exchanger isoform 1 (NHE-1), the Na�–HCO3
– cotrans-

porter, and Na� channels. Under conditions of ischemia
and reperfusion, however, NHE-1 seems to be the predom-
inant route. Na� overload can have detrimental effects on
energy metabolism by intensifying ATP use for sodium
extrusion by the Na�–K� pump.74 Sodium-induced sar-
colemmal Ca2� entry through the Ca2�–Na� exchanger
acting in its reverse mode appears to be the main mecha-
nism of cell injury.75 Experimental evidence suggests
that the Ca2�–Na� exchanger contributes to ischemia-
reperfusion injury in settings of global and local myocar-
dial ischemia. This process results in severe depletion of
ATP and the development of ischemic contracture (stone
heart).3,28,40 Studies in a porcine model of cardiac arrest
have demonstrated that ischemic contracture develops
only after the beginning of closed-chest resuscitation, sug-
gesting that reperfusion may be key to the development of
ischemic contracture.3 In humans, ischemic contracture
has been reported during open-chest resuscitation after
failure of closed-chest resuscitation as myocardial
“firmness” and has been demonstrated to compromise
resuscitability.42 Sodium–hydrogen exchanger isoform 1
inhibition markedly ameliorates the aforementioned
myocardial abnormalities that develop during cardiac
arrest and reperfusion76,77 and prevents increases in left
ventricular wall thickness.3

Basic pharmacological concepts

Two major processes describe the events that occur
between drug administration and its effects determined by
the interaction with the target organ (Fig. 20.2).
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First, the drug must enter the systemic circulation and
access its molecular site of action. The magnitude of the
effect at the target is determined by the concentration of
drug, and in some cases its metabolites, achieved in the
plasma compartment. This process, named pharmacoki-
netics, describes drug delivery to and removal from the
target molecule, and includes the processes of absorption,
distribution, metabolism, and elimination (Fig. 20.3).

The second process that determines drug action has
been termed pharmacodynamics and describes how the
interaction between a drug and its specific molecular target
generates effects at molecular, cellular, whole organ, and
whole patient levels. Considerable intersubject variability
in drug effects may arise from PD mechanisms because of
the specifics of the target molecule and the complex bio-
logical milieu in which the interaction between drug and
target occurs. Most frequently the biological context is
altered by the same pathological processes for which that
specific drug is administered.

It is only recently that the molecular basis of PK and PD
has received increasing recognition, and that we have
identified and characterized the genes that encode and

regulate the expression of such individual molecules. At
the same time it is apparent that there is extreme
interindividual genetic variability, on the order of tens of
millions of DNA variants. Some, termed mutations, are
rare and result in specific diseases such as long-QT syn-
drome. Other more common variants, named polymor-
phisms, may or may not interfere with the function of the
encoded protein, depending on whether the polymor-
phism results in a variation in the original amino acid
sequence, or the amount of mRNA transcribed from the
gene and, as a consequence, of the amount of protein pro-
duced. The most common type of variation is confined to
a single nucleotide and thus is termed single nucleotide
polymorphism.

The way multiple DNA variants within the genome
modulate drug responses is called pharmacogenomics.80–82

An accepted hypothesis considers polymorphisms as
physiologically “silent” until superimposed stressors, such
as acute myocardial ischemia or drug administration, alter
the biological milieu. Only then, in the context of such
pathophysiological conditions, may DNA polymorphisms
promote highly individual responses.83,84
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disturbed to cause disease). DNA variants in the genes responsible for the processes of drug disposition, the molecular target, or the

molecules determining the biological context in which the drug–target interaction occurs can all contribute to variability in drug action.

(Modified from ref. 79.)



Pharmacokinetics

Administration of an intravenous drug bolus results in
maximal drug concentrations at the end of the bolus and
then a decline in plasma drug concentration over time
(Fig. 20.4). Most frequently, however, drugs are adminis-

tered by non-intravenous routes such as oral, sublingual,
transcutaneous, or intramuscular. During CPR, when diffi-
culties in venous access arise, the intratracheal or
intraosseous routes of administration can be used. The
intrasseous route has been shown to be effective for
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of this drug handling is mediated by specific drug-uptake or drug-efflux transporters, as well as by drug-

metabolizing enzyme complexes. An ingested drug enters enterocytes, where it can undergo metabolism,

then efflux into the portal circulation, or efflux back into the gut lumen. Similarly, a drug delivered to
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where it can also be excreted, generally through biliary or renal routes. If the molecular target is not located

within the circulation, further obstacles to a drug accessing its molecular targets might be encountered at

plasma-tissue barriers, which could limit drug access to certain cell populations, such as the brain or

testes. Some drugs must access intracellular molecular targets, in which case uptake into, and efflux out of,

the target cell might be key determinants of drug delivery and hence of drug action. (From ref. 80.)



administration of drugs and fluids in both children and
adults, as well as laboratory analysis.85–92 Evidence suggests
that intraosseous infusion is much more reliable than tra-
cheal administration of drugs during cardiac arrest. Two
major differences distinguish the tracheal route of admin-
istration from the intravenous route. First, plasma concen-
trations are characterized by a rising phase as drugs slowly
access the plasma compartment. Second, not all the drug
administered may access the systemic circulation; thus, the
plasma concentration may be less than that achieved by the
intravenous route (Figs. 20.3 and 20.4). The amount of drug
entering the systemic circulation by any route, compared to
the same dose administered intravenously, is referred to as
bioavailability. Bioavailability may be reduced because the
drug is simply not absorbed from the site of administration
or because the drug undergoes metabolism prior to enter-
ing the circulation – i.e., presystemic metabolism.

The simplest situation to describe is when a single dose
of drug, administered as a rapid intravenous bolus, is elim-
inated in a monoexponential fashion (Fig. 20.4). The time
in which 50% of the drug elimination occurs – half-life
(t1/2) – is a useful measure to describe its decline. After two
half-lives, 75 % of the drug has been eliminated, after three
half-lives 87.5 %, and after four 93.7% has been eliminated.

For practical purposes, elimination is complete after four to
five elimination half-lives.

In other instances, the decline of drug concentration fol-
lowing administration of an intravenous bolus dose is mul-
tiexponential. The drug is not only eliminated but also
undergoes more rapid distribution to peripheral tissues.
Thus, the exponential term with the shorter half-life is gen-
erally associated with distribution and the longer one with
elimination. Just as elimination may be usefully described
by half-life, distribution half-life can also be derived from
curves such as those shown in Fig. 20.5.

Rapid distribution can alter the way in which drug
therapy should be initiated. When lidocaine is admin-
istered intravenously, it displays a prominent and rapid
distribution phase (t1/2 
 8 min) prior to slower elimina-
tion (t1/2 
 120 min). As a consequence, an antiarrhythmic
effect of lidocaine may be transiently achieved but very
rapidly lost following a single bolus, due not to elimina-
tion, but to redistribution.78 Administration of higher
doses to circumvent this problem results in a greater like-
lihood of developing dose-related toxicity, often seizures.
Hence, administration of a lidocaine loading dose of 3 to
4 mg kg–1 should occur over 10 to 20 minutes, a series of
intravenous boluses (e.g., 50–100 mg every 5–10 minutes)
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or an intravenous infusion (e.g., 20 mg min–1 over 10–20
minutes).

With repeated doses or continuous infusions, drug levels
accumulate to a steady state, the condition under which the
rate of drug administration is equal to the rate of drug elim-
ination in any given period of time. The elimination half-life
describes not only the disappearance of a drug, but also the
time course by which a drug accumulates to steady state.
Whenever drug therapy is started, the drug dosage is
changed, or the drug therapy is stopped, the time required
to achieve a new steady-state plasma concentration is four

to five elimination half-lives (Fig. 20.6). It is important to
distinguish between steady-state plasma concentrations,
achieved in four to five elimination half-lives, and steady
state drug effects, which may take longer to achieve. For
some drugs, clinical effects develop immediately upon
access to the molecular target: adrenergic agents to
increase blood pressure, nitrates for angina, and nitroprus-
side to lower blood pressure, are all examples. In contrast,
when an active metabolite must be generated first, drug
effects follow plasma concentrations, but with a lag. Time
may also be required for translation of the drug effect at the
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Fig. 20.5. Drug is delivered to the central volume, from which it is not only eliminated but also

undergoes distribution to the peripheral sites. This distribution process is more rapid than elimination,

resulting in a distinct biexponential disappearance curve. (From ref. 79.)

Fig. 20.6. Time course of drug concentrations when treatment is started or dose is changed. Left. The hash lines on the abscissa indicate

one elimination half-life(t1/2). With a constant rate of intravenous infusion, plasma concentrations accumulate to steady state in four to

five elimination half-lives. When a loading bolus is administered with the maintenance infusion, plasma concentrations are transiently

higher but may dip, as shown here, prior to achieving the same steady state. When the same drug is administered by the oral route, the

time course of drug accumulation is identical; in this case, the drug was administered at intervals of 50% of a t1/2. Steady-state plasma

concentrations during oral therapy fluctuate around the mean determined by intravenous therapy. Right. This plot shows that dosages

are doubled or halved, or the drug is stopped during steady-state administration, and the time required to achieve the new steady state,

four or five half-lives,  is independent of the route of administration, (From ref. 79.)
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molecular site to a physiologic end point. Penetration of a
drug into intracellular or other tissue sites of action may be
required prior to development of drug effect; this is widely
cited to explain the lag time between administration of
amiodarone dosages and development of its chronic
effects, although the exact mechanism underlying its effect
remains poorly understood.

The mechanisms underlying drug elimination from the
body are metabolism and excretion. Drug metabolism
often occurs in the liver, although extrahepatic metabolism
is increasingly well defined, i.e., in the circulation, lungs,
intestine, and kidneys. In the liver, “phase I” drug metabo-
lism generally involves oxidation of the drug by specific
drug-oxidizing enzymes, a process that renders the drug
more polar, hence more likely to undergo renal excre-
tion.94,95 Additionally, drugs or their metabolites often
undergo conjugation with specific chemical groups to
increase their water solubility; these conjugation reactions
are also catalyzed by specific transferases and are desig-
nated “phase II” enzymes.95, 96

Some drugs undergo such extensive presystemic meta-
bolism that the amount of drug required to achieve a thera-
peutic effect is much greater than that required for the same
drug administered intravenously. Thus, small doses of intra-
venous propranolol (5 mg) may achieve slowing of heart rate
equivalent to that observed with much larger oral doses
(80–120 mg). Propranolol is actually well absorbed, but it
undergoes extensive metabolism in the intestine and the
liver prior to entering the systemic circulation. Another
example is amiodarone, a highly lipophilic drug conse-
quently with very limited water solubility, which has a
bioavailability of only 30% to 50% when it is adminis-
tered orally. Thus, an intravenous infusion of 0.5 mg min�1

(720 mg day�1) is equivalent to 1.5 to 2 g day�1 orally. 
Clearance is the most useful way of quantifying drug elim-

ination. Clearance can be viewed as a volume of plasma that
is “cleared” of drug in any given period of time, or as organ-
specific (e.g., renal clearance, hepatic clearance), or whole
body clearance. Reduction in clearance, by disease, drug
interaction, or genetic factors, will increase drug concentra-
tions and hence drug effects. An exception are drugs whose
effects are mediated by generation of active metabolites. In
this case, inhibition of drug metabolism may lead to accu-
mulation of the parent drug, but loss of therapeutic efficacy.

Pharmacodynamics

Drugs can exert variable effects, even in the absence of PK
variability. As depicted in Fig. 20.2, these disturbances can
be secondary to alterations in the molecular targets with
which drugs interact, as well as variability in the biologic

milieu that hosts the drug-target interaction. This is a
frequent mechanism of variability in drug effects, e.g., the
effect of lytic therapy in a patient with no clot is evidently
different from that in a patient with acute coronary throm-
bosis; the arrhythmogenic effects of digitalis depend on K+

serum concentrations; the vasodilating effects of nitrates,
although beneficial in patients with limited coronary flow,
can be catastrophic in patients with aortic stenosis.

When aiming at rapidly correcting disturbances in
physiology, a drug should be administered intravenously
in doses designed to achieve a rapid therapeutic effect.
Steady state is not synonymous with stable plasma con-
centration. Under the same conditions, a near steady-
state drug concentration can be achieved rapidly by use of
a loading dose (Fig. 20.6). Nevertheless, a potential disad-
vant-age is that a loading dose may induce drug-related
side effects, especially with large loading doses.
Accordingly, this approach is best justified when benefits
clearly outweigh risks. Unless therapeutic and plasma
concentrations are required urgently, such as when sup-
pressing life-threatening arrhythmias, large intravenous
drug boluses carry with them a disproportionate risk of
enhancing drug-related toxicity, making this approach
rarely appropriate. An exception is adenosine, which must
be administered as a rapid bolus because it undergoes
extensive and rapid elimination from plasma by uptake
into virtually all cells; as a consequence, a slow bolus
or infusion rarely achieves sufficiently high concentra-
tions at the desired site of action – the coronary arteries –
to terminate arrhythmias or to prevent the “no-reflow”
phenomenon.97

The time required to achieve steady-state plasma con-
centrations is determined by elimination half-life, as dis-
cussed earlier. The main determinant of loading dose is the
volume of distribution i.e., the theoretical volume of
plasma into which the drug distributes. Loading dose 

volume distribution � desired plasma concentration. The
clearance and elimination half-life will determine the need
and time at which to repeat doses.

It is unusual for a  patient to receive chronic drug therapy
with a single agent. Rather, the rule is multiple chronic
drug regimens in patients with coexisting organ dysfunc-
tions of varying degrees. Physicians should recognize the
risk of unanticipated drug effects, particularly drug toxic-
ity, in these settings. Moreover, a number of disturbances
of drug elimination and drug sensitivity may alter either
the therapeutic dose or tilt the balance between risks and
benefits of therapy. Some ß-blockers (e.g., propranolol and
metoprolol) and cimetidine reduce hepatic blood flow and
the intrinsic clearance of lidocaine, respectively.98–100

Patients with left ventricular hypertrophy often have base-
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line QT prolongation, and thus the risk of arrhythmias may
increase; most guidelines suggest avoiding QT-prolonging
antiarrhythmics in such patients.78 In cases of heart failure,
hepatic congestion can lead to decreased clearance and
thus an increased toxicity with unadjusted doses of certain
drugs, including lidocaine, ß-blockers, and some seda-
tives. In addition, patients with heart failure may have
reduced renal perfusion and require dose adjustments
on this basis. Heart failure is also characterized by a
redistribution of regional blood flow that can lead to
reduced volume of distribution and enhanced risk for drug
toxicity. Lidocaine loading doses, for example, should be
reduced in patients with heart failure because of altered
distribution, whereas maintenance doses should be
reduced in cases of both heart failure and liver disease
because of altered clearance.

Drug interaction may also occur through PD mecha-
nisms. Drugs may interact at the same effector site; the
marked increase in isoproterenol dosage needed to
increase heart rate in the presence of a ß-blocker is an
example of a competitive agonist and antagonist interact-
ing with the same target molecule, i.e., the ß1-adrenergic
receptor. Drugs may also interact at the same time to
produce synergistic effects, as in the case of two different
antiarrhythmic Na+ channel blockers with different disso-
ciation characteristics, or drugs may allow additive phar-
macologic effects while minimizing the risk of non-cardiac
adverse effects present with high doses of a single drug.

More commonly, however, drugs interact by acting on
different molecular targets, both of which modulate the
end organ drug response. For example, low extracellular K�

concentrations increase the potency of the rapidly activat-
ing component of delayed rectifier K� current (IKr) block-
ers;101thus, K�-wasting diuretics act synergistically with IKr

blockers to prolong the QT interval (same site). In addition,
some diuretics also block the slow component of delayed
rectifier K� current (IKs) to prolong the QT interval
further.102

Pharmacogenetics

The variability of drug effects is increasingly recognized as
dependent on DNA variants in genes that encode the drug
targets and in key genes that control the biological milieu
hosting the drug-receptor interaction.

A single nucleotide change can alter gene product
function, and thus produce dramatic changes in phys-
iology: the long QT syndromes or inherited errors in
drug-biotransforming pathways are examples. Indeed,
exogenous substrates, such as drugs, once aberrantly
metabolized, produce unusual actions in affected

patients.79 Hence, these patients are phenotypically
normal until an exogenous stressor – the drug – is added.
These examples share the common mechanism of a DNA
variant, a mutation, that severely disrupts protein func-
tion. Individuals and families with defects in genes
encoding specific drug-metabolizing enzymes have been
recognized. Individuals with defective CYP2D6, for
example, exhibit markedly enhanced ß-blocking action
(including bronchospasm and bradyarrhythmias) during
propafenone therapy because of accumulation of the
parent drug.94,103

In contrast to mutations, DNA polymorphisms are
more common: one of the definitions of such poly-
morphisms is “a variant that occurs in more than 1% of a
given study population.” The distinction between rare
polymorphisms and mutations however, can sometimes
be blurred. Considerable effort is currently being devoted
to identifying polymorphisms in the human genome,
characterizing the way in which they alter protein func-
tion, and relating changes in polymorphism frequency to
specific genotypes80,81,104,105

The mechanisms by which both mutations and poly-
morphisms can affect drug response are: (1) changes in PK;
(2) changes in the target molecules; and (3) changes in the
biologic context in which drug-target molecule interaction
occurs (Fig. 20.7).

Specific drug-transport molecules, whose levels of
expression and genetic variation are only now being
explored, play a role not only in drug absorption and dis-
tribution but also excretion, generally into the urine or bile.
Pharmacokinetic changes may derive from functionally
important polymorphisms in the coding region of genes107

or from variations in the mechanisms that regulate the
amount of an individual messenger RNA generated by
transcription of a single gene, that is, polymorphisms in
the promoter,107 including binding of multiple transcrip-
tion factors to regulatory sequences of DNA. Thus, DNA
variants may not only change the amino acid sequence of
an encoded protein, but they may also change the amount
of normally functioning protein generated by transcrip-
tional control.107,108

Functionally important polymorphisms may also affect
target molecules. Polymorphisms in the ß1 and ß2 receptor
genes have been associated with variability in heart rate
and blood pressure effects with ß-blockers and ß-
agonists110-112. Torsades de pointes during QT-prolonging
antiarrhythmic therapy have been linked to polymor-
phisms in ion channel genes. This adverse effect some-
times arises in patients with clinically latent congenitally
long QT syndrome, emphasizing the strict relation among
disease, genetic background, and drug therapy.112, 113
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Correlation between polymorphisms and variability of
the biologic context in which drugs act has been exemplified
by studies on the mechanisms of torsades de pointes.
Virtually all drugs that cause torsades de pointes are IKr

blockers.114,115 The biologic milieu in which IKr blockers act
includes other mechanisms that control the action potential
as well as the normal autonomic function and serum K�.
Thus, variants in any of the genes modulating these
processes in theory could modulate the extent to which IKr

blockers prolong the QT interval and generate torsades de
pointes. For an example, administration of a drug with IKr

blocking properties does not ordinarily perturb cardiac
repolarization excessively, probably because of the pres-
ence of other repolarizing currents, notably the slow com-
ponent termed IKs; however, individuals with subclinical
loss-of-function mutations in genes encoding IKs, who

have normal cardiac repolarization at baseline, have been
shown to develop marked repolarization abnormalities
and arrhythmias when challenged with an IKr-blocking
drug.116–118 Consistent with this reasoning, families have
been described in which patients with mutations respon-
sible for long QT syndromes are asymptomatic until
exposed to a QT-prolonging drug.112,116

Drug transport is an active process that is also gene-
regulated, making it an appealing target of genetic
therapy. Indeed, drug entry into and efflux from cellular
sites often reflects normal function and expression of spe-
cific energy-dependent drug transporters.119,120 The most
studied drug transporter is P-glycoprotein, the product
of expression of the MDR1 gene. P-glycoprotein is an
efflux pump extensively expressed on the apical lumen
of the enterocytes, the biliary aspect of hepatocytes, and
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the capillary endothelium of the brain.121 In the latter,
p-glycoprotein serves to limit access of drug to the central
nervous system and thus forms an important component
of the blood–brain barrier, representing at the same time
a promising target for future therapeutic genetic inter-
ventions. Specific drug uptake and efflux transporters
have not been identified in cardiac myocytes, and the
mechanisms by which the drug accesses intracellular
sites of action (relevant to virtually all antiarrhythmic
drugs) is yet unknown.

Pharmacology of cardiac arrest

General considerations

Pharmacological therapies are used in cardiopulmonary
resuscitation to supplement the key interventions of
effective chest compression/ventilation and defibrilla-
tion. In contrast to other interventions (such as defibrilla-
tion), scientific evidence to support the use of drugs in
cardiac arrest is limited. In the large Ontario Prehospital
Advanced Life Support (OPALS) study, the addition of
drug administration and intubation skills to the reper-
toire of skills of existing pre-hospital responders (trained
in CPR and rapid defibrillation) had no effect on sur-
vival.19 Despite the limited evidence to support its use,
however, pharmacological therapy remains a central part
of resuscitation protocols. Drugs used during cardiopul-
monary resuscitation will be considered under the head-
ings of vasopressors, antiarrhythmics, thrombolytics, and
other drugs.

Specific considerations

Vasopressors
Vasopressors have been used as an adjunct to cardiopul-
monary resuscitation for the last 40 years. Vasopressors are
used in cardiac arrest in the belief that they will improve
coronary and cerebral blood flow during CPR and thereby
increase the chances of achieving a return of spontaneous
circulation and neurologically intact survival. Despite their
widespread inclusion in resuscitation guidelines, to date no
randomized placebo-controlled clinical trials in humans
have demonstrated improved survival to discharge with
any of the vasopressor drugs.25

Several vasopressors have been studied in the context of
cardiopulmonary resuscitation. Epinephrine has been
the standard first-line drug for cardiac arrest for many
decades. Vasopressin has been studied extensively in
animal models and human clinical trials. Despite initially

promising results, a recent meta-analysis of five clinical
trials failed to demonstrate that it was superior to epi-
nephrine for improving the rate of return of spontaneous
circulation, or of 24-hour or discharge survival.122 The spe-
cific pharmacological actions and efficacy of epinephrine
and vasopressin are considered below. The alternative
vasopressors alpha-methyl norepinephrine and endothe-
lin-1 have been investigated in laboratory models of
cardiac arrest, but to date no clinical studies have been
conducted.25 These agents are not considered further in
this chapter.

Epinephrine
Epinephrine is a naturally occurring hormone synthesized
from L-tyrosine in the adrenal medulla and secreted in
response to activation of the sympathetic nervous system
(Fig. 20.8). It is a mixed adrenergic agonist, acting on both
�- and �-adrenergic receptors. The adrenergic receptors
are coupled to G-protein secondary messenger systems
including cyclic adenosine monophosphate (� and �2)
(Fig. 20.9) and phospholipase C (�1 receptor) (Fig. 20.10).

The beneficial effects of epinephrine in cardiac arrest are
mostly mediated by activation of the �-adrenergic recep-
tors. Activation of �-adrenergic receptors causes vascular
smooth muscle contraction, leading to systemic arteriolar
vasoconstriction, which maintains peripheral vascular
tone and prevents arteriolar collapse. This has the effect of
increasing aortic diastolic pressure, which increases coro-
nary perfusion and cerebral perfusion pressures.

Stimulation of �-receptors by epinephrine has both
inotropic and chronotropic effects on the beating heart
that increase coronary and cerebral blood flow, but at
the same time increase oxygen consumption, increase
ventricular ectopic activity, and reduce subendocardial
perfusion. Within the lung, stimulation of �2 receptors by
epinephrine can increase arteriovenous mismatching
leading to transient hypoxemia.

Epinephrine is available in a variety of formulations and
is usually given intravenously during cardiac arrest. It
is metabolized by catechol-o-methyltransferase and
monoamine oxidase, predominantly in the liver, to inactive
metabolites, which are excreted in the urine. Intravenous
administration has a rapid onset of action and half-life of
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approximately 5–10 minutes. Absorption from subcuta-
neous and intramuscular injection of epinephrine is slow
and erratic in cardiac arrest and should be avoided.
Endotracheal epinephrine is recommended in resuscita-
tion guidelines when intravenous access cannot be
established.25 Recent animal data suggest that tracheal
administration can be associated with hypotension, medi-
ated through pulmonary �2 receptors.123 This complication
was avoided with endobronchial administration.124

Vasopressin
Arginine vasopressin (Fig. 20.11) is a naturally occurring
hormone (antidiuretic hormone) synthesized and released
by the posterior pituitary in response to changes in plasma
osmolality and circulating volume. Physiological concen-
trations of vasopressin in humans range from 2–20 pg ml.125

Vasopressin receptors are membrane-bound receptors
coupled to G-protein-activated intracellular signaling
pathways. Three different subtypes have been described:
V1 receptors (previously known as V1a receptors) are
the most widespread type of vasopressin receptor and
are found on vascular smooth muscle cells (where they
regulate vasomotor tone), the kidney, myometrium,
bladder, hepatocytes, platelets, adipocytes, and spleen.
V2 receptors are located in the distal tubule and collect-
ing ducts of the kidney and control urine volume
through regulating the density of aquaporin channels
on the cell surface. V3 receptors (previously known as
V1b) are found in the pituitary gland and stimulate
adrenocorticotropic hormone (ACTH) secretion and
regulate memory, blood pressure, temperature, and pitu-
itary hormone release.125
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At physiological concentrations, vasopressin con-
tributes to osmoregulation and maintenance of normo-
volemia. It also plays a role in hemostasis, temperature
regulation, memory, and sleep. Synthetic vasopressin is
available as an aqueous solution for intravenous, intra-
muscular or subcutaneous use. The intravenous route has
been used exclusively in clinical trials in cardiac arrest
patients. Animal data suggest that the intraosseous,126

endotracheal, and intravenous routes127,128 are equally
effective. Vasopressin is not protein-bound and has a
volume of distribution of 140 ml kg�1 and plasma half-life

of 24 minutes. Its is cleared by renal elimination (65%) and
metabolism (35%) by tissue peptidases.125

Endogenous vasopressin concentrations increase rapidly
within the first few minutes of cardiac arrest. Average vaso-
pressin concentrations are significantly higher in patients
who are successfully resuscitated from cardiopulmonary
arrest than in non-survivors (177 pg ml�1 and 58 pg ml�1,
P < 0.001).128

The efficacy of vasopressin in animal cardiac arrest
models has been studied extensively. In porcine models of
ventricular fibrillation, compared to maximal dose epi-
nephrine (200 µg kg�1), vasopressin (0.8 µg kg�1) produced
superior coronary and cerebral perfusion and improved
cerebral oxygen delivery and ventricular fibrillation mean
frequency.129 A meta-analysis of 33 randomized controlled
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animal studies (n
669) showed that vasopressin was
associated with a higher rate of return of spontaneous cir-
culation than was placebo (93% vs. 19%, P<0.001) or epi-
nephrine (84% vs. 59%, P<0.001). Sub-group analysis
demonstrated that vasopressin was superior to placebo in
both VF and non-VF models.130

One of the first clinical studies to investigate vaso-
pressin involved 8 patients in refractory cardiac arrest
despite standard therapy with chest compression, epi-
nephrine, and defibrillation; vasopressin administration
(40 units) resulted in a prompt return of spontaneous cir-
culation in all 8 cases. Of these, three subsequently sur-
vived and were discharged from hospital neurologically
intact.131 The first randomized controlled trial in humans
to investigate vasopressin in cardiac arrest compared 40 U
of IV vasopressin to 1 mg of epinephrine as the initial
pharmacological treatment in 40 out-of-hospital subjects
with shock-refractory VF. A significantly higher proportion
of patients in the vasopressin group were successfully
resuscitated and survived 24 hours compared to those
treated with epinephrine.132

A prospective randomized controlled trial in 200 hospi-
talized cardiac arrest patients compared vasopressin
(40 U) to epinephrine (1 mg) as the initial pharmacological
treatment. This study failed to demonstrate any difference
in the primary outcome measure of 1-hour survival (39%
vasopressin vs. 35% epinephrine) or 30-day survival (vaso-
pressin 13% vs. epinephrine 14%). The time to drug admin-
istration in these studies differed substantially (prehospital
study 7.8–8.6 minutes compared to 1.1–1.3 minutes in the
in-hospital study) and it was postulated at the time that
vasopressin and epinephrine may be equipotent if admin-
istered early after the onset of cardiac arrest.133

The largest clinical trial to study the effect of vaso-
pressin in cardiac arrest was conducted by the European
Resuscitation Council Vasopressor during Cardiopul-
monary Resuscitation Study Group. This study compared
up to two injections of vasopressin 40 U or 1 mg of epi-
nephrine, followed by additional treatment with epineph-
rine if required, during out-of-hospital cardiac arrest in
Vienna, Germany, and Switzerland. The primary end point
was survival to hospital admission and the secondary end-
point was survival to hospital discharge.22

A total of 1186 patients were randomized, of whom 589
received vasopressin and 597 epinephrine. The two treat-
ment groups had similar characteristics at baseline. There
was a trend toward improved rates of hospital admission in
the vasopressin group compared to the epinephrine
groups (36.3 vs. 31.2%, P 
 0.06), but no difference in hos-
pital discharge rates (9.9% both groups). A secondary post-
hoc subgroup analysis found that patients in asystolic

cardiac arrest treated with vasopressin were more likely to
survive to hospital admission (29% vs. 20.3%, P 
 0.02) and
subsequent discharge (4.7% vs. 1.5%, P 
 0.04) than if they
received epinephrine. This observation was not true for the
VF or PEA groups. A second subgroup comprised 732
patients with prolonged cardiac arrest who received both
the initial doses of vasopressin and then received epineph-
rine showed significantly better survival compared to
those who received epinephrine alone (discharge survival
6.2% vs. 1.7%, P 
 0.002). Nontheless, half (10/20) the sur-
vivors in this subset of vasopressin patients were dis-
charged comatose or with severe cerebral disability
compared with 20% (1/5) in the epinephrine group.

A systematic review and meta-analysis of five clinical
trials (1519 patients) comparing epinephrine and vaso-
pressin (which included the data from the European
Resuscitation Council Vasopressin study) found no differ-
ence in return of spontaneous circulation, admission or
discharge survival, or the number of neurologically intact
survivors. Subgroup analysis based on initial cardiac
rhythm showed no statistically significant difference
between drugs.122

In conclusion, despite promising laboratory studies,
clinical studies have failed to demonstrate a consistent
survival advantage for humans in cardiac arrest. The
precise indications and timing of administration for vaso-
pressin in the management of cardiac arrest therefore
remains to be defined in future clinical trials.

Antiarrhythmics
There is no evidence that administration of any antiar-
rhythmic drug routinely during human cardiac arrest
increases survival to hospital discharge. Amiodarone
improves the short-term outcome of survival to hospital
admission in shock-refractory VF when compared to lido-
caine or placebo. Bretylium is no longer part of interna-
tional guidelines for resuscitation. Amiodarone, lidocaine,
and magnesium are considered below.

Amiodarone
Amiodarone was originally developed as an antiangi-
nal agent.134 It has complex ion channel-blocking activi-
ties.135,136 Acute intravenous administration decreases
heart rate and blood pressure with minimal changes in
QRS duration or QT interval. Chronic use may lead to
bradycardia and increases in action potential duration in
atrioventricular (AV) nodal and ventricular tissue, with
increased QRS duration and QT interval.

Amiodarone is lipophilic and is taken up by many tissues
(volume distribution approximately 60 liters kg�1) with
large interindividual variation and complex PK.137–139 The
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short initial, context-sensitive half-life after intravenous
administration represents drug redistribution. The actual
elimination half-life is 40 to 60 days.

Amiodarone produces all four electrophysiological
effects according to the Vaughan Williams classification. It
has use-dependent class I activity, inhibition of inward
Na� currents, and class II activity.136 The antiadrenergic
effect of amiodarone is non-competitive and additive to
the effect of beta blockers. Amiodarone depresses sinoa-
trial node automaticity, slows the heart rate and conduc-
tion, and increases refractoriness of the AV node,
properties useful in the management of supraventricular
arrhythmia. Class III activity increases atrial and ventricu-
lar refractoriness and prolongs the QTc interval. Chronic
amiodarone administration may increase the defibrilla-
tion threshold, although this is not observed after acute
administration. Administration of amiodarone in a dog
model of VF (12 dogs received acute IV amiodarone 10 mg
kg�1 or placebo; 12 dogs were pretreated with chronic
amiodarone 20 mg kg�1 day�1 for 30 days or placebo before
induction of VF) increased the organization of VF by
several measures without lengthening the refractory
period and without changing the defibrillation thresh-
old.141 Amiodarone has a long list of side effects. The most
important is pulmonary toxicity, which may affect up to
1% of recipients.141

The ARREST – Amiodarone in the Resuscitation of
Refractory Sustained Ventricular Tachyarrhythmias – study
was a randomized, prospective, double blind, placebo-
controlled trial of 504 patients with out-of-hospital cardiac
arrest in VF/VT who failed to respond to � 3 shocks. They
received either placebo or amiodarone 300 mg IV.
Treatment with amiodarone was an independent predictor
of admission alive to hospital (44% vs. 34%, odds ratio 1.6;
95% confidence interval 1.1 – 2.4).24

In the randomized, controlled, double blind ALIVE –
Amiodarone versus Lidocaine in Prehospital Ventricular
Fibrillation Evaluation – study, amiodarone (n 
 180) was
compared to lidocaine (n 
 167) in out-of-hospital VF/VT
resistant to three shocks: 22.8% of amiodarone-treated
patients survived to hospital admission compared to 12.0%
of lidocaine-treated patients. Neither the ARREST nor ALIVE
studies had a sufficient sample size to show any difference
in survival to hospital discharge. One possible reason for the
superiority of amiodarone may be that it is effective in
severe acidosis; a laboratory study shows that amiodarone
remains effective despite extracellular acidosis.142

Amiodarone caused a significantly lower CPP compared
with epinephrine alone or the combination of epinephrine
and amiodarone in a dog model of VF arrest.143 Recent
human data support this,144 suggesting that it may actually

be the combination of amiodarone and a vasopressor that
is beneficial in cardiac arrest.

A new aqueous formulation of amiodarone (Amio-
Aqueous) does not contain the solvents of the standard for-
mulation (polysorbate 80 and benzyl alcohol) that are used
to keep amiodarone in solution. These solvents may be
responsible for the hypotensive effects of the standard
amiodarone formulation. Amio-Aqueous is also more
effective than lidocaine in terminating shock-resistant
VT.145 A meta-analysis of four prospective clinical trials of
patients with VT shows that Amio-Aqueous is as safe as
lidocaine with respect to hypotensive side effects.146

Finally, animal studies suggest that amiodarone may not
be effective in hypothermia.147, 148

Lidocaine
Lidocaine, a class 1B antiarrhythmic blocks a specific site
on the Na� channel. It decreases automaticity by decreas-
ing the slope of phase 4 depolarization and does not affect
the PR interval, QRS complex, or QT interval.

It is no longer the drug of choice in shock-refractory VF
or VT (see amiodarone above). Plasma lidocaine levels
above 6 µg ml�1 are needed for an antifibrillatory effect.
Levels above 8–10 µg ml�1 are associated with toxicity,
which includes seizures and decreased cardiac output.
Patients with significant conduction system abnormalities
or hemodynamic compromise can develop toxicity at very
low lidocaine concentrations. Active metabolites can also
contribute to toxicity even with modest concentrations of
lidocaine in plasma. Lidocaine is metabolized in the liver
and excreted by the kidneys. The half-life of intravenous
lidocaine is about 100 minutes, but because it is metabo-
lized in the liver (which depends on liver flow), dosage
should be reduced in patients with low cardiac output. In
cardiogenic shock, the half-life may exceed 10 hours.

Magnesium
Magnesium sulfate has electrophysiological properties that
might make it a useful antiarrhythmic agent. Specifically, its
role as a coenzyme for the Na�–K� ion exchange pump (the
Na�–K� ATPase) and its effects on K� channels and intra-
cellular Ca2+ accumulation all contribute to decrease auto-
maticity. Clinically, it has been found that AV nodal
conduction is prolonged in patients treated with infusions
of magnesium sulfate. It also has a high therapeutic ratio
and is relatively devoid of negative inotropic effects.
Magnesium use during resuscitation has been of interest
since normomagnesemia appeared to be related to suc-
cessful resuscitation.149, 150

Studies have failed to show any benefit of giving magne-
sium in cardiac arrest.151–152 The only real indications for
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magnesium therapy seem to be hypomagnesemia and tor-
sades de pointes. Magnesium sulfate 2 g (8 mmol) IV has
also been tested as a neuroprotective agent after success-
ful resuscitation from cardiac arrest. It did not improve
neurological outcome compared to placebo when given
immediately following ROSC after out-of-hospital cardiac
arrest, either alone or in combination with diazepam.156

In summary, evidence from human studies does not
favor routine use of magnesium during CPR. Recent animal
data160 point to a possible cardioprotective role of magne-
sium with respect to reducing oxygen free radical-induced
damage and to preserving postdefibrillation left ventricular
contractile function, but this requires further investigation.

Thrombolytics
Thrombolytics may be useful after initial failure of standard
CPR techniques, particularly if arrest is caused by acute
pulmonary embolism or other cardiac causes.161–168 One
large clinical trial169 showed no benefit for thrombolytics in
out-of-hospital patients with PEA cardiac arrest unrespon-
sive to initial interventions. Several studies161–164 and case
series165–168 show that there is no increase in bleeding com-
plications with thrombolysis during CPR in non-traumatic
cardiac arrest. Animal studies170, 171 also show improved
cerebral infusion with thrombolysis during CPR.

There is an argument for a more general positive effect of
thrombolytic agents (even if administered prearrest or
postarrest in those achieving ROSC) in preventing or
diminishing no-reflow and microvascular thrombosis and
organ dysfunction after cardiac arrest.171 Several authors
have suggested that this mechanism may improve neuro-
logical outcome in survivors of cardiac arrest.164, 171, 172

A large, prospective, randomized clinical trial –
Thrombolysis In Cardiac Arrest (“TROICA”) – is ongoing in
Europe to study the potential value of prehospital fibrinol-
ysis in adult, non-traumatic cardiac arrest patients who do
not respond promptly to conventional therapy.

Tenecteplase can be given as a rapid intravenous bolus
and hence is currently the agent of choice if thrombolysis
is considered during cardiac arrest. Tenecteplase is a triple
combination mutant variant of alteplase with high fibrin
specificity and resistance to plasminogen activator
inhibitor-1. The reduced rate of systemic clearance (four-
fold slower) of the drug relative to alteplase allows
tenecteplase to be given by rapid bolus injection. In
patients with myocardial infarction tenecteplase has an
initial plasma half-life of 20–24 minutes.

Atropine
Atropine should be considered in asystole and slow PEA.
Several studies in adults19, 23, 173–176 show that treatment with

atropine is not associated with any consistent benefits after
in-hospital or out-of-hospital cardiac arrests. There is,
however, a physiological rationale for use of a vagolytic, as
asystole can be precipitated by excessive vagal tone.
Asystole is usually fatal and atropine is unlikely to have side
effects in this setting.

Atropine has similar antagonist activity for all five mus-
carinic receptor subtypes. Thus far, the postsynaptic mus-
carinic receptors supposed to transduce parasympathetic
impulses to the heart have been assigned to the M2
subtype, because mRNA for M1 or M3 receptors could not
be found in heart muscle cells in experimental studies in
adult animals. The direct effect of activation of M2 recep-
tors in the heart is to decrease myocardial activity; that is,
negative chronotropic, dromotropic, and inotropic effects
occur. M2 receptors inhibit adenylate cyclase activity and
enhance K+ currents, both of which lead to decreased activ-
ation of myocardial cells. In pacemaker cells, this slows the
rate of spontaneous depolarization. A negative inotropic
effect decreases myocardial oxygen demand. These car-
diodepressant effects are a predictable consequence of
mimicking the parasympathetic nervous system and are
consistent with energy conservation.

In asystolic patients 14% who received atropine survived
to admission to the emergency department as opposed to
0 % who did not receive atropine.177 In patients with severe
bradycardia or asystole following administration of suc-
cinylcholine most cases resolve with atropine.178

Literature to refute the use of atropine is sparse and of
limited quality. In a small prospective, controlled, non-
randomized study of out-of-hospital cardiac arrest
patients, investigators found no difference in rhythm
change, ROSC, or survival when patients were given 1–2 mg
of atropine as their initial resuscitation medication versus
control.179 In a prospective, controlled, blinded canine
asphyxial PEA model, no differences in ROSC or survival
rates were noted between standard dose atropine and
placebo groups.180 In a prospective, controlled, non-
blinded canine asphyxial PEA model, methoxamine was
compared to atropine and calcium chloride. Fifty percent
of the animals who received atropine had ROSC vs. 20% of
the control group, but this did not reach statistical signifi-
cance. Additionally, a prompt response to atropine, signi-
fying pharmacologic effect, was not noted. Subtherapeutic
doses of atropine in some of the animals and lack of epi-
nephrine use may be significant.

Bernheim et al.181 investigated 25 clinically stable heart
transplant patients. After endomyocardial biopsy, a tem-
porary pacemaker was introduced and patients were
monitored. Atropine was given in increasing doses
(0.004 mg kg�1 body weight initially, total cumulative dose
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0.035 mg kg�1 body weight). In 20% of the patients (5/25),
a paradoxical response to atropine was observed. Four
patients exhibited third degree AV block, one of whom also
demonstrated sinus arrest; a fifth patient showed sinus
arrest only. Atropine may paradoxically cause high degree
AV block in patients after cardiac transplantation. It
should be used with caution and appropriate monitoring
in these patients.

Atropine is a naturally occurring alkaloid of “Atropa bel-
ladonna” Atropine disappears rapidly from the blood and
is distributed throughout the body. It is destroyed by enzy-
matic hydrolysis, particularly in the liver; from 13 to 50% is
excreted unchanged in the urine. Its plasma half-life is
approximately 2–4 hours.
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Introduction: Why analyze the waveform?

Ventricular fibrillation (VF) is the cardiac arrest rhythm
most amenable to successful treatment, and the vast
majority of survivors from human cardiac arrest have VF
as their primary rhythm. Successful treatment in these
patients almost invariably requires electrical defibrilla-
tion. While advances have been made in defibrillation
therapy, particularly in the introduction of automatic
and semi-automatic defibrillators (AED) with rhythm
recognition and the use of novel defibrillatory waveforms,
the primary determinant of successful defibrillation is
the duration of the VF episode.1 With the passage of time,
the chances of successful defibrillation fall dramati-
cally. Basic life support (BLS) procedures in general
and myocardial perfusion due to closed-chest compres-
sion can only retard the metabolic deterioration of the
myocardium. With prolonged duration of VF, an increas-
ing likelihood of asystole, pulseless electrical activity, or
persistent VF following countershock results.2,3 Moreover,
multiple countershocks that do not result in spontaneous
circulation are probably harmful by causing thermal
damage to the heart and increasing cumulative defibrilla-
tion energy decreases postresuscitation myocardial func-
tion and survival.4,5

For these reasons, researchers attempt to interrogate the
VF waveform determined from the surface electrocardio-
gram (ECG) trace to ascertain knowledge of the myocardial
state, to assess the probability of success of a defibrillating
shock, and to investigate whether, by physical or pharmaco-
logical means, the situation can be changed to improve the
likelihood of restoring a spontaneous perfusing rhythm.

Data acquisition and preprocessing

Logistic difficulties

Although the primary focus of analysis is the ECG-derived
VF waveform itself, additional documentation such as
patient demographics, electrical, pharmacological, and
physical interventions, and outcome information is
required to provide meaningful conclusions. In contrast to
animal experiments, human studies need substantial time
and effort to gather and store field information in a form
suitable for detailed analysis.

To extract meaningful information, data are imported
and integrated in a software environment that facilitates
signal analysis.6 Figure 21.1 illustrates some key informa-
tion including the ECG time series, events from the defib-
rillation log, and rhythm annotations provided by medical
experts. Human VF analysis involves considerable work to
establish the databases, routines for storing and transfer-
ring electronic data from the emergency medical system
(EMS) and linking it with information from the signal
analysis.7–9 Separate centers typically use different equip-
ment so the coding format of electronic information for
ECG, event logs, demographic information, and annota-
tions vary. This lack of standardization makes research on
this kind of data challenging.

Filtering techniques

Mechanical activity from chest compression and ventila-
tion during CPR introduces artefact components in the
ECG signal.10–12 At present, it is necessary to stop CPR
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before analyzing (manually, or by AED) the artefact-free
ECG rhythm. This intermittent cessation of CPR reduces
the likelihood of successful defibrillation because, during
these breaks, myocardial (and cerebral) perfusion does not
occur.

Artefact removal has been successfully applied to animal
ECGs by using high-pass digital filters with fixed coeffi-
cients.13,14 In the human ECG, however, the frequency
components of the artefacts overlap with dominant com-
ponents in the human VF spectrum, and make separation
by such filters unfeasible.

Adaptive filtering has been used to remove CPR artefacts
in human out-of-hospital cardiac arrest ECG.15 Reference
signals that resemble different artefact types (e.g., com-
pressions and ventilations) are recorded simultaneously
with the ECG and “subtracted” from the ECG. CPR artefacts
in the ECG can be reduced in this way, but not always well

enough for a shock/no-shock decision classifier. The time
without blood flow from compressions can be reduced sig-
nificantly by removing artefacts during CPR.16

Approaches to analysis

The search for one or more predictors of defibrillation
outcome derived from the VF ECG waveform and for meas-
uring the effects of therapy goes back 20 years.2,7,10,17–21

Time and frequency domain techniques

From a signal processing perspective, the main approaches
to VF waveform analysis fall within the categories of time
and frequency domain techniques. Typically, time domain
approaches are applied to characterize specific events such
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Fig. 21.1. ECG during resuscitation. ECG tracing illustrating VF, with artefacts from precordial chest compressions, hands-off intervals,

countershocks and return of spontaneous circulation. Each line shows 30 seconds of ECG continuing from the previous line. The time

stamps and defibrillator usage text above and below each line of tracing are read from the electronic defibrillator log file. The text within

the tracing axes are the therapy, defibrillation outcome and rhythm annotations provided by the medical experts. (After Eftestøl et al.

Expert Rev. Cardiovasc. Ther. (2003)©  Future Drugs 2003.)



as detection and description of P waves, QRS complexes, or
T waves in the ECG of perfusing rhythms. Perfusing
rhythms are, to some degree, deterministic: a term often
used to describe biomedical signals of a quasiperiodic
nature. The VF waveform signals, however, do not display
clearly distinctive quasiperiodic events but are governed by
processes that are described and analyzed statistically.
These processes, related to cardiac arrest, change with time
and therapy and the parameters describing these processes
change accordingly. VF analysis seeks to identify parame-
ters that can be used to distinguish features associated with
a high probability of restoration of spontaneous circulation
(ROSC) following countershock from those with a low
countershock success rate.

Time domain techniques applied to VF involve charac-
terization of the signal’s amplitude behavior. These tech-
niques attempt to describe the statistical properties of the
amplitude or energy distribution of the signal-generating
process. As an example, the expected amplitude value can
be estimated by the signal’s sample mean or the signal
energy can be quantified as the dispersion of the squared
amplitude about its mean.22,23 In statistical terms, these are
moments of the signal amplitude’s first-order distribution
or probability density function (PDF). Another important
family of amplitude distributions is the second-order dis-
tributions, in which more amplitudes of one signal are
involved. With these it is possible to analyze the relation-
ship between amplitude variations of the same signal at
different time instants. The autocorrelation function (ACF)
estimated from the signal is an expression for this relation-
ship. The VF signal typically does not exhibit one distinct
periodic component, but rather a composite spectrum of
several such components more naturally expressed in
frequency rather than time units. Because of this, and
because signals with such properties are commonly ana-
lyzed in the frequency domain, the power spectral density
(PSD) function, which is the frequency domain equivalent
of the VF ACF, has been widely used in the analysis of the
signal’s periodic behavior.

Chaos theory and non-linear dynamics

To the naked eye, the VF waveform appears entirely
random or stochastic, but “random” phenomena can, on
further investigation, show predictable features. Non-
linear mathematical approaches, colloquially known as
“chaos theory,” have been used to search for underlying
structure and predictability in VF. Such approaches are
not simply “blue sky” in nature. A fundamental element
of mathematically chaotic systems is that miniscule
changes at an early stage can lead to subsequent dramatic

perturbations – popularized as the “Butterfly effect.”24 If
the VF waveform is chaotic then, instead of the 10–100s of
joules required for conventional defibrillation, there is
the possibility that a tiny electrical stimulus at a predeter-
mined point could terminate the arrhythmia and restore
a perfusing rhythm.

In some animal and computer models, spiral waves of
electrical activity (vortices and rotors) travel through
the myocardium, become fragmented and turbulent, and
lead to persistence of VF.25–27 The characterization of these
initiating events, and of VF, as mathematically chaotic
systems is a highly specialized area and differing analytical
methods have made interpretation and extrapolation diffi-
cult. Nevertheless there is evidence that, at least in the early
stages, VF does show specific phenomena of mathematical
chaos with consistent exhibition of organized structure.28–30

Non-linear dynamic methods have been used to eluci-
date the fractal dimension of the VF signal and quantify
its morphology and time course, independent of signal
amplitude and spectral parameters. The practical difficul-
ties of using these forms of analysis relate to the massive
computer processing power needed and the necessity of
using “clean,” but unfiltered, signals. The ability to achieve
this and provide real-time feedback will demand massive
improvements before clinical therapy can be influenced.

Practically, the problem of prediction of defibrillation
outcome is handled by extracting VF waveforms immedi-
ately before a defibrillation attempt with corresponding
outcome information (ROSC or no-ROSC) from the avail-
able data. After this, signal analysis based on time domain,
frequency domain, and/or non-linear dynamics tech-
niques measures waveform characteristics (features) to be
used in the shock outcome predictor.

Structuring the data in frequency and time-
frequency representations

Characterization of the VF signal often involves a first stage
in which the signal is restructured or transformed into a
frequency domain representation or even combined time-
frequency representations. These alternative represent-
ations are often a prelude to computing shock outcome
predictors, but also offer alternative representations by
which the hidden structures of VF have been revealed to
the observer.

Fourier transforms

This technique involves splitting short segments of the
VF waveform into small subunits and expressing each of
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these as the sum of multiple simpler sine/cosine waves
of varying amplitude and frequency. These component
waves can then provide an amplitude or power histogram
by plotting the square of the amplitude against the fre-
quency.31,32 The Fourier transform gives this frequency
domain information when applied to the time domain
signal. The power spectral density (PSD) is theoretically
defined as the Fourier transform of the ACF, and has been
widely used in VF analysis.

A significant problem with Fourier transforms is that
the PSD is strictly defined only for signals with stable, or
stationary, statistical properties. VF is a non-stationary
signal, and the short time PSD has to be determined for
time-limited VF segments considered quasi-stationary.
In practice the discrete Fourier transform (DFT) is used.
This approach has disadvantages in that it assumes that
the time limited VF segment under investigation repeats
periodically ad infinitum. Further, the technique is
limited when analyzing sharply changing signals (Gibbs
phenomenon).

Wavelet transforms

Wavelet transforms use small wave-like functions that
come in different shapes and sizes to transform the VF
signal. Mathematically, the wavelet transform is a convo-
lution of the wavelet function with the signal. If the
wavelet matches the shape of the signal closely at a spe-
cific scale and location, then a large value of the trans-
form results and vice versa. Changing the type of wavelet
allows the investigator to concentrate on individual small
scale high frequency components or to pick up larger scale
low frequency components. An energy scalogram can
be produced which plots the log of the band-pass center
frequency against the time where darker areas represent a
higher wavelet energy coefficient and lighter areas a lower
wavelet energy coefficient (Fig. 21.2).32

The key advantage of the continuous wavelet transform
technique is that it can elucidate local spectral and tempo-
ral information simultaneously within the VF waveform.
Even if short time Fourier transform (STFT) is performed
on small segments of the signal at a time and moved incre-
mentally along, this spectrogram technique uses a window
of fixed width and therefore averages short duration com-
ponents “smearing” the information across the window
and so might lose potentially valuable information.

Time-frequency analysis as offered by both short time
Fourier and especially wavelet transform analysis has
allowed the extraction of previously hidden information
from the VF waveform, for example observations possibly
related to coordinated independent atrial activity while the

ventricles remain fibrillating.12,34 In this case, the superior
temporal resolution of the wavelet transform offers the
possibility of detecting the instance of the pulse com-
plexes.34 In addition, in animal models, chest compression
artefact is seen to be clearly distinct from other VF-related
features (Fig. 21.3).11,12

Describing the data: extracting features

After the first stages of VF analysis, whether this involves
filtering and/or frequency domain transforms or not,
quantification of the signal characteristics follows. This
is the feature extraction stage, to capture the signal char-
acteristics distinguishing successful from unsuccessful
defibrillations.

To evaluate the ability of a feature (alone or in combina-
tion) to discriminate between outcome categories, various
approaches including receiver operating characteristics
(ROC) analysis have been used to determine the sensitivi-
ties and specificities of outcome predictors. These thresh-
olds are usually linear, but some pattern recognition
methods based on Bayesian decision theory have been
applied to define non-linear decision borders for feature
combinations.7,9,33,35,36 Figure 21.4 illustrates a set of two-
dimensional feature combinations, each coordinate rep-
resenting the features computed from VF preshock
waveforms. The feature space is divided into decision
regions separated by non-linear decision borders. The area
under the curve (AUC) may be used to determine the dis-
criminative power of features.

Approaches to analysis

Amplitude

The magnitude of the VF waveform voltage, or VF ampli-
tude, can be described clinically: “Coarse” VF is high ampli-
tude (� 0.2 mV) usually of recent onset and has a higher
probability of ROSC following defibrillation. “Fine” VF is
low amplitude (� 0.2 mV), results from prolonged global
myocardial ischemia, and is less amenable to resuscita-
tion.2 The “natural history” of untreated VF is progressive
reduction in VF amplitude from coarse to fine, but simple
clinical interpretation of the VF waveform is poor and
quantitative analysis is needed to guide therapy.37

VF amplitude analysis by measuring either the
maximum38 or the average13 peak-to-trough ECG voltage
for a predefined time window has become much easier
with improvements in digital signal analysis and computa-
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tional technique. In animal models VF amplitude during
CPR reflects myocardial perfusion and energy metabo-
lism39 and values immediately before defibrillation are sig-
nificantly higher in succesfully resuscitated animals.38,39

Human studies confirm that maximum VF amplitude
before countershock can predict outcome of defibrilla-
tion,38,40,41 but the predictive power and discriminative
value of VF amplitude are limited because of interindivid-
ual variability resulting from the main fibrillatory vector
direction, electrode placement, transthoracic impedance,
and shape of the thorax.

Frequency/spectral analysis

The frequency domain features used in VF analysis
have mostly been calculated from a PSD estimate derived
by the periodogram method42 or variations of this.
The periodogram method for PSD estimation applies a
Fourier transform to the squared signal samples for each
extracted preshock VF segment. Examples of some of the

main features calculated from these include the peak
power frequency, median frequency, energy, spectral
flatness measure, amplitude spectrum analysis (AMSA),
spectral edge frequency, fibrillation power or variations of
these. These features capture discriminating characteris-
tics from the PSD.
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Fig. 21.3. The energy scalogram for the first seven minutes of

porcine ventricular fibrillation. CPR is initiated at 5 minutes as

indicated. (After Addison et al. (2000) © 2000 IEEE.) (See Plate 21.3.)

Fig. 21.2. Attempted defibrillation of human ventricular fibrillation. Top: 7 seconds of human

ECG exhibiting VF containing a defibrillation shock event. Bottom: Scalogram corresponding to

the ECG signal. Notice the high frequency spiking prior to the shock evident in the scalogram –

indicated by arrows. (After Addison et al., IEEE Eng. Med. Biol (2002) © IEEE 2002.) (See Plate

21.2.)



The peak power or dominant frequency is the frequency
corresponding to the maximum amplitude frequency
component in the PSD. The median frequency (sometimes
termed mean or centroid frequency) is the frequency
bisecting the PSD, corresponding to the point of mass in
the spectrum.42 Both this feature and the peak power fre-
quency emphasize the low frequency content of VF.

Energy, which is closely related to amplitude features,
expresses the “coarseness” of the waveform, and corres-
ponds to the area under the PSD curve.

The spectral flatness measure characterizes the wave-
form complexity and is computed as the ratio of the geo-
metric and arithmetic mean of the PSD.7

In retrospective human studies, areas under ROC curves
for peak power and median frequency perform worse
than in animal studies, with AUC ranging from 0.53 to
0.72.8,19,41,43,44,8 Studies of combined features have demon-
strated AUC at 0.80 in an independent test9 of an outcome
predictor developed earlier.7

Fibrillation power was originally defined as the (ampli-
tude)2 of frequency components in the VF power spectrum.
Power has also been defined as the integral of the power
spectrum between certain frequency limits, representing
energy. In this sense, the PSD method was used to investi-

gate the distribution of fibrillation power with frequency
and time before defibrillation. In a porcine model of
cardiac arrest, VF power is a better predictor of counter-
shock success than are features such as mean amplitude or
mean fibrillation frequency.44 Disappointingly, human
studies did not confirm this high predictive value of fibril-
lation power (i.e., energy)8,44 and did not reveal significant
changes of energy during manual chest-compression.
Nonetheless, the low correlation between power/energy
and frequency or amplitude parameters45 provided com-
plementary information in feature combination for
outcome prediction.7

AMSA is the sum of the frequency-weighted PSD ampli-
tudes, and represents the area under the amplitude fre-
quency relationship resulting from fast Fourier transform.
The method emphasizes the high frequency content of the
PSD.

AMSA has yielded promising results in animal experi-
ments.20,46 In a pig VF model, an AMSA value of 21 mV Hz
predicted defibrillation success with negative and positive
predictive values (95% and 78%) superior to those for
coronary perfusion pressure, mean amplitude, or median
frequency.20

An AMSA value of 13 mV Hz retrospectively applied to
recordings of 108 out-of-hospital cardiac arrest episodes
in 46 patients predicted defibrillation success with
ROSC with a sensitivity of 91% and specificity of 94%.47

Eftestol found a sensitivity of 95% and specificity of
40% for the AMSA feature for outcome prediction, but
showed that the parameter increased during ongoing
chest compression.8

Wavelet time/frequency methods

Quantification of the time frequency characteristics
extracted by wavelet methods from the VF signal has been
used as a marker of shock outcome prediction, and prin-
cipal component analysis has been used to improve
system performance. The wavelet entropy marker, in
particular, offers significant improvements in terms of
sensitivity and specificity as compared to similar Fourier
transform-based features derived from the same data
set.7,21 In a recent study, the continuous wavelet tech-
nique showed an improved performance when com-
pared to median frequency, spectral energy, and AMSA
methods.33,35

Non-linear dynamics methods

N(�) histogram analysis is a non-linear dynamic method
that provides analysis independent of ECG-signal ampli-
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Fig. 21.4. Defibrillation outcome prediction. Decision regions

corresponding to the ROSC/noROSC prediction problem.

The classes are identified by the following color scheme:

yellow 
 decision region for ROSC (restoration of spontaneous

circulation), blue 
 decision region for noROSC. The coordinate

corresponding to ROSC outcomes are shown as stars (*) and

noROSC as points (.). To predict the outcome of an ECG tracing,

the features vPCA1 and vPCA2 are computed from the tracing.

If the coordinate point corresponding to (vPCA1,vPCA2) is

mapped into the yellow decision area, an ROSC outcome is

predicted. If it is found to be in the blue area, a no ROSC outcome

is predicted. (After Eftestøl et al. Resuscitation (2005) © Elsevier

2005.) (See Plate 21.4.)
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tudes or artefacts due to manual chest compression.48 For
every time interval, time-shifted ECG amplitudes are
plotted in a three-dimensional coordinate system. The dis-
tribution of points found in spheres with a defined radius
at specific points in space allows extraction of a local
dimension �.

In a pig model the randomness of the VF ECG signal
reflected by the width of N(�)-histogram was a better pre-
dictor of countershock success than the median dimen-
sion. In addition, the more irregular the VF from the animal
studied the more easily it could be defibrillated.46 The prin-
cipal disadvantage of this method, however, is the compu-
tation time requirement including sophisticated hardware
and software.

The scaling exponent method has been used as a tool to
quantify the self-similarity dimension of the VF waveform.
The normal values of the scaling exponent D range from 1 –
2; low values indicate a high degree of organization of the
VF signal and are associated with short downtime, and an
increased probability of ROSC (PROSC) and hospital dis-
charge rate.19 Conversely, the scaling exponent increased
with the duration of VF in animals and humans19,49,50 and
significantly higher values were found in patients with
unfavorable outcomes.19 Recently in a pig model of VF,
scaling exponent D was used to guide the sequence of CPR
interventions.51 Although the predictive power of this single
feature with respect to ROSC is low (reflected by an ROC
curve area of 0.71), it may provide additional information to
guide electrical therapy in human cardiac arrest.19

What to do with the results: Defibrillation success
and PROSC

Whichever method of analysis is used, clinicians require
guidance for the delivery of CPR and the timing of defibril-
lation. In its simplest form, this may be a YES/NO instruc-
tion based upon a predetermined probability of the
technique used leading to ROSC (Fig. 21.5).52

Establishing these decision thresholds has its own diffi-
culties. Using data from animal studies where all treat-
ment groups divide clearly into ROSC/NoROSC gives a
clear-cut problem that is simpler to analyze but less
applicable to real-life clinical situations. Ideally, success-
ful and unsuccessful outcomes should be mixed well in
the treatment groups, although such studies have lower
specificities.53,54

It is also important that when evaluating the perform-
ance of the parameter(s) chosen, the data set for training is
separate from that used for testing. Several studies use
variants of this approach, especially cross-validation tech-

niques, where the training and test sets are shifted among
several data sets, providing several opportunities to give
estimates of expected performance.7,9,33,36 These methods
attempt to provide an idea of how the predictor will
perform on future data, but it is important to note that the
test performances are considered in the design of the clas-
sifiers to choose the generalizing parameters. In a recent
study, a final evaluation was performed on an independent
data set not considered in the design process.9

PROSC values can also be used to monitor the efficacy of
clinical interventions. In one study PROSC was used to
evaluate the effect of interrupting precordial compressions
and more recently to investigate the effects of giving pre-
cordial compressions. The studies demonstrated a negative
change in PROSC when chest compressions were inter-
rupted55 and a positive change after prolonged sequences
of compressions.8
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Fig. 21.5. The probability of ROSC. A functional relationship

between the feature representations of all the VF waveforms

extracts and corresponding ROSC/NO ROSC outcome with the

feature representation coordinates from Figure 4 superimposed.

This can be explained as a division of the feature space defined by

vPCA1 and vPCA2 into equal-sized cells. In each cell the PROSC

value is estimated as the number of ROSC coordinates divided by

the total number of coordinates in the cell. To compute the

probability of successful outcome of an ECG tracing, the features

vPCA1 and vPCA2 are computed from the tracing. The coordinate

point corresponding to (vPCA1,vPCA2) is mapped onto the

PROSC function surface, where the probability value can be read

directly. (After Eftestøl et al. Expert Rev. Cardiovasc. Ther. (2003) ©

Future Drugs 2003.) (See Plate 21.5.)
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The Future

The knowledge that, at least in its genesis and early
stages, VF is not a random process and that the waveform
contains elements of identifiable structure has been the
first step in using the waveform for practical clinical pur-
poses. The recognition that some of these elements can
provide proxy information about the state of the underly-
ing myocardial substrate leads to their potential to
monitor and direct individual resuscitation efforts. The
promise shown in animal studies has yet to be fully
matched in humans and the mathematical tools used
have limitations but, with continuing improvements
in analytical techniques and computing power, it is
inevitable that in the near future such techniques will
be used clinically. The application of similar techniques
to cerebrally generated waveforms holds the exciting
prospect of performing and monitoring truly integrated
cardiocerebral resuscitation.
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Pulseless electrical activity (PEA) is defined in this chapter
based on its clinical presentation, the presence of organ-
ized electrical activity, and the absence of detectable
pulses. This definition includes any pulseless organized
rhythm irrespective of etiology, heart rate, or electrocar-
diogram (ECG) characteristics.

PEA may be viewed as a continuous mechanical and
electrical phenomenon. Detectable pulses may be lacking
because of the absence of synchronous myocardial fiber
shortening. Detectable pulses may also be absent in the
presence of weak myocardial contractions that produce
measurable aortic pressures as evidenced by invasive
monitoring. PEA can also be present with normotensive
cardiac activity in patients with conditions such as cardiac
tamponade, hypovolemic shock, or severe peripheral
arteriovascular disease.

There is evidence to support the contention that the ECG
characteristics in PEA reflect the degree of pathophysio-
logic derangement or time from onset of cardiac arrest.1–3

Irrespective of PEA etiology, the more normal the ECG
complex and the shorter the time from cardiac arrest, the
higher is the likelihood of successful resuscitation or sur-
vival.2 Conversely, the more abnormal the ECG complex,
the longer time from cardiac arrest and the lower the like-
lihood of successful resuscitation or survival.2 There prob-
ably has been no greater advance in understanding and
managing PEA than the recent determination of a relation-
ship between the integrity of the ECG complex and under-
lying mechanical activity.1,2

Pulseless electrical activity is classified by its clinical pre-
sentation into three groups: (a) normotensive PEA,
(b) pseudo-PEA, and (c) true PEA. Normotensive PEA is
defined as baseline cardiac contractions and myocardial

fiber shortening in the absence of detectable pulses.
Pseudo-PEA is the stage of pulseless electrical activity in
which weak myocardial contractions produce detectable
aortic pressure only measurable by invasive monitoring or
echocardiography. True PEA is the stage of pulseless elec-
trical activity in which myocardial contraction is absent.

PEA frequently results from a primary condition that
profoundly decreases preload or afterload or causes severe
inflow or outflow obstruction. The primary disorder results
in hypoxia, acidosis, and increased vagal tone, which, if not
rapidly reversed, affects the strength of myocardial con-
traction and eventually results in PEA. Causes for PEA
include (a) mechanical, including tension pneumothorax,
cardiac tamponade, and auto-PEEP (auto–positive end-
expiratory pressure); (b) preload reduction, including
hypovolemia, sepsis, and pulmonary embolism; (c)
primary myocardial dysfunction, including acute myocar-
dial infarction, congestive heart failure, drug ingestions,
hyperkalemia, and hypothermia; and (d) pulmonary,
including severe respiratory insufficiency or respiratory
arrest (Fig. 22.1).

Another cause of pulseless electrical activity is termed
postdefibrillation PEA; this refers to the variable electrical
and mechanical cardiac activity that occurs following
countershock from ventricular fibrillation. Prolonged ven-
tricular fibrillation results in hypoxia, acidosis, and
increased vagal tone, which produce a variable response to
countershock, including baseline, decreased, or no cardiac
contractions (Fig. 22.1).

The incidence of PEA depends on the patient popula-
tion studied. The condition accounts for 16 to 22% of
out-of-hospital cardiac arrests.4,5 The frequency of PEA
in-hospital cardiac arrests is higher. Raizes et al. found
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that PEA accounted for 68% of monitored in-hospital
sudden deaths and 10% of all in-hospital deaths.6 Vincent
et al. reported PEA as the initial symptom in 66% of moni-
tored in-hospital cardiac arrests.7 Pirolo et al. reviewed the
results of 50 autopsies of patients dying in PEA and found
that 12 of 50 (24%) had primary PEA, 22 (44%) had sec-
ondary PEA, and in six (12%) the classification of PEA
could not be determined.8

The average age of patients presenting in PEA is 70
years.4 The incidence of PEA as a presenting cardiac arrest
rhythm is higher in the elderly (15% vs. 3%).9 When PEA
and coarse ventricular fibrillation are compared with
respect to demographics, patients who present in PEA are
more likely to be female (43% versus 24%); they are also
more likely to have no cardiac history (54% vs. 19%),4 but a
similar percentage of patients are likely to be on cardiac
medication (43% vs. 42%).4 It is possible that cardiac medi-
cations such as �-blockers or calcium antagonists may
contribute to the presentation of PEA.4

The successful resuscitation and save rates in PEA
patients are higher in prehospital compared with hospital
patients. The largest clinical prehospital study of PEA
patients reported 98 (19.5%) of 503 successful resuscita-
tions and 22 (4.4%) of 503 discharged from the hospital
alive.2 Vincent et al. reviewed 50 hospitalized patients ex-
periencing sudden onset of PEA in a hospital-based critical

care setting.7 Only 3 of 50 (6%) were discharged alive from
the critical care ward, and only 1 of 50 (2%) survived to hos-
pital discharge.7

Basic science

Cellular basis of cardiac contraction

The myocardium consists of a syncytium of branching and
anastomosing fibers that are divided into individual cells
by modified, closely opposed cell membranes termed
intercalated disks. This apposition provides a continuous
“tight junction” with free passage of ions and action poten-
tials from cell to cell throughout the syncytium. In contrast
to skeletal muscle, the myocyte has a centrally located
nucleus and is richly endowed with mitochondria, neces-
sary for the generation of large amounts of adenosine
triphosphate (ATP) required for cardiac contraction. The
myocyte also has an abundant sarcoplasmic reticulum and
an elaborate system of large T tubules. The T tubules
provide a channel for ion fluxes, especially Ca2� involved in
cardiac contraction. The fibers within myocytes each
contain multiple cross-banded myofibrils, which run the
length of the fiber and are composed of a serially repeating
structure, the sarcomere.
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The sarcomere is the structural and functional unit of
myocardial contraction and is delimited by two adjacent
transverse Z lines. Sarcomeres are characterized by cross
striations caused by prominent central dark A bands of a
constant width of 1.5 �m. A bands are composed of thicker
filaments, principally of the protein myosin. The A band is
flanked by lighter I bands composed primarily of thinner
filaments of actin. The thin actin filaments are attached at
their outer ends to the Z lines and, at their inner ends,
interdigitate partially between the myosin filaments. Thus
the A band has partially overlapping myosin and actin fila-
ments, whereas the I band contains only actin filaments.
On electron-microscopic examination, bridges can be
seen to extend between the thick and thin filaments within
the A band (Fig. 22.2).10,11

The contractile process
Both the thick and thin filaments remain at a constant
overall length, both at rest and during contraction, leading
to a sliding model for myocardial contraction. During
myocardial contraction, repetitive interactions occur at
the bridges between the actin and myosin filaments, pro-
pelling the actin filaments further into the A band. During
the contractile process, the A band remains at a constant
width, whereas the I band narrows, and the Z lines move
toward one another.

The myosin molecule is a complex fibrous protein with a
molecular weight of approximately 500 000; it has a rodlike
portion that is about 1500 Å in length with a globular
portion at its end. This globular portion forms the bridges
between myosin and actin and contains adenosine
triphosphatase activity (ATPase). These bridges project
outward so that they can interact with actin to generate
force and shortening.

The thin filament actin is composed of a double helix of
two chains of actin molecules wound around each other,
has a molecular weight of 47 000, and is associated with
two regulatory proteins, tropomyosin and troponin.
Troponin can be separated into three components: tro-
ponins C, I, and T. Actin has no intrinsic enzymatic activity,
but it has the ability to combine reversibly with myosin in
the presence of ATP and Ca2�, which activates the myosin
ATPase. Tropomyosin inhibits this interaction in relaxed
muscle. During activation, troponin C binds Ca2�, result-
ing in a conformational change exposing the actin cross-
bridge interaction sites. Physical changes in the cross
bridges result in sliding of the actin along the myosin fila-
ments causing muscle shortening or the development of
tension. Cleavage of ATP into adenosine diphosphate
(ADP) and inorganic phosphate dissociates the myosin
cross bridge from actin. Linkages between actin and

myosin filaments are made repeatedly as long as sufficient
Ca2� is present; linkages are broken when Ca2� concentra-
tion decreases below a critical level. At this point the tro-
ponin-tropomyosin complex again prevents binding
between myosin and actin filaments. Ionic calcium is the
principal mediator of the inotropic state of the heart. Most
positive inotropic drugs, including digitalis and cate-
cholamines, act by increasing delivery of Ca2� to the
myofilament.

The abundant sarcoplasmic reticulum is a complex
network of membrane-lined intracellular channels
running longitudinally within the sarcomere in close prox-
imity to the outside membrane but which have no direct
continuity with the outside of the cell. Transverse or T
tubules represent tubelike invaginations of the sar-
colemma that are continuous with the extracellular space
and traverse adjacent to the Z lines. This complex network
of membrane channels assists ion fluxes during cardiac
contraction (Fig. 22.3).10, 11

Cardiac activation
The sarcomere at rest has an interior negative charge
relative to the outside of the cell with a transmem-
brane potential of -80 to -100 mV. In the resting state the
sarcolemma is largely impermeable to Na�. The mem-
brane has an Na� and a K� stimulated pump requiring
ATP, which extrudes Na� from the cell and plays a critical
role in establishing the resting potential of the mem-
brane. The intracellular milieu is high in K� and low in
Na�, whereas the opposite is true extracellularly. In the
resting state, at the same time, the extracellular con-
centration of Ca2� greatly exceeds free intracellular Ca2�

concentration.10,11

During the plateau of the action potential in phase 2,
there is a slow inward current reflecting primarily move-
ment of Ca2� within the cell. The absolute quantity of
Ca2� that crosses the surface membrane is relatively
small. Nevertheless, the depolarizing current not only
extends across the surface of the cell membrane but also
penetrates deeply into the cell by the elaborate system of
transverse tubules. Because of this transsarcolemmal
movement of Ca2�, much larger quantities of Ca2�

are released from the sarcoplasmic reticulum within
the cell. This process is termed regenerative release of
Ca2�.10,11

The Ca2� combines with troponin, and, by repressing the
inhibitor of contraction, activates the myofilaments to
produce contraction. The sarcoplasmic reticulum then
reaccumulates Ca2� by an ATP-dependent calcium pump,
lowering intracellular Ca2� concentration to a level that
inhibits actin-myosin interaction and leading to muscle
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relaxation. In this way, the cell membrane, transverse
tubules, and sarcoplasmic reticulum play a fundamental
role in myocardial contraction and relaxation by their
ability to transmit an action potential and to release and
then reaccumulate Ca2�.10,11

ATP is the principal source of energy for almost all of
the mechanical work of myocardial contraction. The
high-energy phosphate stores in ATP are in equilibrium
with those present in creatine phosphate. The activity of
the myosin ATPase determines the rate of forming and
breaking the actin-myosin cross bridges and ultimately the
velocity of muscle contraction (Fig. 22.4).10,11

Myocardial contraction
The mechanical activity of myocardial muscle can ulti-
mately be explained by a combination of force and velocity
of muscle contraction. The Frank–Starling relation
(Starling’s law of the heart) describes the relationship
between the initial length of myocardial muscle fibers and
the development of force. Within limits, the initial length of
myocardial muscle (which is a function of left ventricular
end-diastolic volume) is related to the force of ventricular
contraction. It has been postulated that increasing the
initial length of myocardial muscle to an optimum of 2.2
�m results in the most advantageous overlap of interdigi-
tating contractile filaments within the sarcomere and also
optimizes their sensitivity to Ca2�.

Changes in the velocity of shortening the myocardial
muscle may also occur, even at a constant muscle length.
This type of shift in the force-velocity curve may be seen
with administration of a positive inotropic agent such as
digitalis or norepinephrine. It has also been postulated
that increased velocity of myocardial contraction is ulti-
mately related to either the concentration of Ca2� in the
vicinity of the myofilaments or their sensitivity to Ca2� or
both of these factors. Whatever the mechanism, velocity of
myocardial contraction appears primarily related to
increased availability of Ca2� within the cell.

Ultimately, stroke volume is determined by three influ-
ences: (a) the length of the muscle at the onset of contrac-
tion (the preload), (b) the inotropic state of the heart, and
(c) the tension that the myocardium must develop during
contraction (the afterload).

Preload
Ventricular end-diastolic volume determines the length of
the muscle fiber at the onset of contraction, affecting
stroke volume. Depletion in total blood volume results in
decreased ventricular end-diastolic volume, reflected in a
reduction in ventricular performance. Ventricular enddi-
astolic volume can also be influenced by the distribution of

blood between the intrathoracic and extrathoracic com-
partments. Gravitational forces tend to pool blood in
dependent positions. Elevation of intrathoracic pressure,
as occurs in tension pneumothorax or with positive end-
expiratory pressure, impedes venous return to the heart,
diminishes intrathoracic blood volume, and reduces ven-
tricular end-diastolic volume. Elevated intrapericardial
pressure, as with pericardial tamponade, interferes with
ventricular filling, lowering stroke volume and ventricular
work. Venoconstriction and the pumping action of skeletal
muscle are active systems responsible for venous return to
the heart. Their loss preceding and during cardiac arrest
results in decreased intrathoracic blood volume.

Inotropic state
Many factors determine and influence the velocity of
myocardial fiber shortening. Variations in sympathetic
nerve activity modify the quantity of norepinephrine
released to act on the �-adrenergic receptors of the
myocardium. Sympathetic nerve activity is one of the
most important mechanisms determining the position of
the myocardium on the force-velocity and ventricular
function curves under physiologic conditions. When
stimulated by sympathetic nerve activity the adrenal
medulla releases catecholamines, thus augmenting the
inotropic state of the heart. Exogenously administered
inotropic agents such as epinephrine, norepinephrine,
isoproterenol, calcium, caffeine, and theophylline
improve the myocardial force-velocity relation, increas-
ing ventricular performance. Conversely, physiologic
depressants, acting either singly or in combination, can
exert a depressant effect on the myocardial force-velocity
curve, lowering ventricular performance. Physiologic
depressants include severe myocardial hypoxia, hyper-
capnia, ischemia, and acidosis. Pharmacologic depres-
sants, including �-blockers, calcium channel blockers,
barbiturates, local and general anesthetics, and many
other drugs, likewise reduce ventricular work. Myocardial
stunning or necrosis caused by ischemia may profoundly
affect total ventricular performance.

Afterload
The force and velocity of myocardial muscle fiber shorten-
ing at any given diastolic fiber length and myocardial
inotropic state are inversely related to the afterload
imposed on the myocardium. Stroke volume is determined
by myocardial fiber length and velocity of fiber shortening.
In turn, stroke volume and heart rate produce cardiac
output, which, with peripheral arterial resistance produce
arterial pressure or afterload. As ventricular function
becomes more impaired, left ventricular afterload becomes
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increasingly important in determining cardiac perfor-
mance. Influences on the arterial bed of neural, humoral, or
structural changes that increase afterload may further
reduce cardiac output while myocardial oxygen require-
ments are increased.

Pulseless electrical activity feedback loop

Preceding the onset of PEA, as the force and velocity of
myocardial contraction decrease, stroke volume is reduced.
Although a transient compensatory increase in heart rate
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reticulum that initiates contraction. Reuptake of calcium by sarcoplasmic reticulum by an ATP-dependent calcium pump is essential for

heart to relax. Of importance, contraction is activated mainly by passive calcium fluxes from sarcoplasmic reticulum. By contrast, during
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restore sodium and calcium gradients across sarcolemma, which provide for depolarizing ionic currents that generate action potential.

Sodium transport is accomplished by sarcolemmal sodium pump (Na�-K� ATPase), which utilizes ATP to pump sodium out of the cell in

exchange for potassium. Resultant sodium gradient is largely responsible for active transport of calcium out of cell during relaxation, via

sodium-calcium exchange. (From Katz AM, Smith VE. Myocardial relaxation abnormalities. Part I: mechanisms. Hosp.Prac.1984; 19(1):69.
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can be seen, eventually cardiac output and aortic pressure
are decreased. Lowered aortic pressure decreases coronary
artery perfusion, resulting in increased myocardial
ischemia, hypoxemia, and reduced myocardial function.
The force and velocity of myocardial fiber shortening are
further reduced, exacerbating lowered stroke volume and
further decreasing aortic pressure. This negative feedback
loop characterizes the pathophysiology of PEA and repre-
sents the challenge for therapeutic intervention (Fig. 22.5).

Animal models of pulseless electrical activity

The various animal models for PEA provide insight into its
pathophysiology and reflect its heterogeneous nature. PEA
may be generated in the isolated perfused rat heart or
intact dog by producing severe acidosis with a perfusion
fluid of acetoacetate and glucose.12 High concentrations of
acetoacetate and lactic acid produced by cellular utiliza-
tion of glucose via anaerobic glycolysis result in severe
extracellular and intracellular acidosis that reliably inhibits
ventricular contraction.12 Perfusion of the heart in a
calcium-free medium also produces PEA.13 These animal
models have been developed primarily to study tech-
niques of open heart surgery and cardiopulmonary bypass.

The two animal models most commonly used to study
resuscitation techniques in PEA are the asphyxia model and
postdefibrillation model in dogs. In the asphyxia model,
after anesthesia, intubation, and instrumentation, the
endotracheal tube is occluded at the end of exhalation. This
is followed by initial hypertension and tachycardia and
then progressive hypotension and bradycardia until aortic
pressure fluctuations cease approximately 10 minutes after
airway obstruction. To simulate downtime in cardiac arrest,
most experimental protocols continue airway obstruction
without intervention for 5 to 10 minutes after the last sys-
tolic aortic pressure fluctuation. During this time period,
the ECG of the dog shows normal or nearly normal
sequences of P, QRS, and T waves, usually at a bradycardic
rate unaccompanied by any fluctuation in aortic pressure.
Following this predetermined downtime, the obstruction of
the endotracheal tube is reversed, cardiopulmonary resus-
citation (CPR) is started, and the experimental protocol is
initiated.14 Because ECG activity continues for prolonged
periods after complete cessation of myocardial contrac-
tion, the asphyxia model can study the effects of interven-
tions at either short or long downtimes.

Some investigators think that the asphyxia dog model
for PEA more closely approximates the clinical presenta-
tion of patients with PEA who frequently have a respira-
tory cause for cardiac arrest and variable downtimes. This

model provides some evidence that following the onset
and persistence of severe hypoxia in human patients, the
presence of initial hypertension and tachycardia may
indicate a grave sign of impending cardiac arrest.

In the postdefibrillation animal model, after anesthesia,
intubation, and instrumentation, PEA is induced by
passing an AC current through a bipolar electrode posi-
tioned at the right ventricle, initiating ventricular fibrilla-
tion. After a predetermined time (approximately 5 minutes)
of ventricular fibrillation without artificial circulatory or
ventilatory support, one or more transthoracic counter-
shocks are administered until ventricular fibrillation is ter-
minated. After this treatment responses can vary: there may
be electrical activity with detectable pulses, electrical activ-
ity with absent pulses but measurable aortic pressures of 20
to 40 mm Hg, or electrical activity without detectable pulses
and no measurable aortic pressures. With ventricular fibril-
lation times of 5 to 7 minutes, the most frequent response
is spontaneous cardiac electrical activity accompanied by
absent aortic pressure fluctuations. In such circumstances,
CPR is begun and the experimental protocol initiated. The
situation in the postdefibrillation animal model closely
resembles the pulseless, spontaneous cardiac rhythm seen
in up to 60% of resuscitation attempts following prehospi-
tal ventricular fibrillation.15,16 The postdefibrillation animal
model, however, has the disadvantage of a potentially vari-
able response following defibrillation, which appears
related to the time of ventricular fibrillation before the
defibrillation attempt. This may be consistent with the clin-
ical observation that postdefibrillation PEA may be more
common after countershock of fine ventricular fibrillation
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in patients with longer downtimes.17 Some investigators
postulate that the development of PEA immediately follow-
ing defibrillation represents a transitory recovery rhythm
that in some cases improves spontaneously leading to the
appearance of pulses, supraventricular activity, and stabil-
ization of hemodynamic status.18

Another model, the acute cardiac tamponade model, is
produced by making a small incision in the dog peri-
cardium, inserting a polyethylene catheter into the peri-
cardial sac, and fastening the cut pericardium around the
catheter with a string suture. Tamponade is induced by
injecting fixed volumes (60 ml/increment) of warmed
saline (37 �C) into the pericardial cavity through the
intrapericardial catheter until peak left ventricular pres-
sure is depressed to 25 mm Hg. The intrapericardial
volume is maintained until PEA occurs, as verified by the
absence of left ventricular pressures corresponding with
the QRS complex of the ECG. This acute cardiac tampon-
ade model allows study of the role of the sympathetic and
parasympathetic nervous systems in the initiation of PEA
during acute cardiac tamponade and the response to ther-
apeutic intervention.

Notably, the use of different models with different patho-
physiologic processes and variable downtimes makes
comparison between studies and application to the clin-
ical setting difficult.

Normotensive, pseudo-, and true pulseless
electrical activity

Pathophysiologic associations

Ischemia
Although the precise cause and pathogenesis of PEA
remain poorly understood, much evidence points toward
ischemia as the underlying cause of myocardial excitation
contraction uncoupling.19,20 Ischemia may occur locally or
globally. Under experimental conditions, occlusion of a
coronary vessel rapidly leads to disappearance of myocar-
dial contraction in the area at risk, although electrical
activity may be initially unchanged.6,21,22 The clinical syn-
drome of PEA may arise when a large enough area of
myocardium is rendered ischemic. Subsequent local
ischemia may result in systolic or diastolic left ventricular
dysfunction severe enough to produce hypotension that
eventually leads to global ischemia (Fig. 22.5).

In studies of localized coronary artery occlusions of
various durations in the anesthetized dog, the rate of
improvement of myocardial function was shown to be
inversely proportional to the duration of occlusion.23–28 A

period of coronary occlusion of less than 20 minutes may
not be associated with the development of myocardial
necrosis but may result in depressed myocardial contrac-
tion for several days.29 Braunwald and Kloner postulated
that ischemia may interfere with normal myocardial func-
tion, biochemical processes, and ultrastructure for pro-
longed periods, resulting in myocardial stunning.29

The development of PEA, however, is not thought to
depend solely on local occlusion of a coronary artery. Global
ischemia resulting in hypoxia, acidosis, and increased vagal
tone from any source appears to make the myocardium vul-
nerable to global depolarization and the uncoupling of exci-
tation and contraction.8,22

Calcium
With global ischemia there is neither washout of metabo-
lites nor delivery of substrate; thus, after an initial rapid loss
of myocardial function, further cellular damage is slowly
progressive.30 Some investigators have shown that it is
reperfusion of ischemic tissues that actually causes the
most significant damage.31–33 The role of calcium in pro-
ducing ultrastructural myocardial damage associated with
ischemia and reperfusion was first examined by Shen and
Jennings.34,35 Forty minutes of ischemia followed by 10
minutes of arterial reperfusion in an animal model resulted
in an 18-fold increase in calcium uptake in injured myocar-
dial tissue.30,34,35 Calcium uptake was accompanied by
massive cellular swelling, mitochondrial and myofibrillar
damage, and the appearance of contraction bands and
intramitochondrial calcium phosphate deposits.

Calcium may be involved in the development of PEA by
several mechanisms. Defects in excitatory Ca2� release
could occur because of the loss of the triggering Ca2�

current or because of a change in the sarcoplasmic reticu-
lar Ca2� store.19 The sensitivity of the contraction process
to calcium may be reduced.19 For example, the affinity of
Ca2� for troponin C necessary for excitation contraction
coupling can be reduced by some metabolic factors, such
as acidosis.19

Intracellular pH
Persistent ischemia or anoxia results in continued anaero-
bic glycolysis, lactic acid production, and acidosis. It has
been proposed that intracellular acidosis changes the
affinity of troponin C for Ca2�, thus contributing to excita-
tion contraction uncoupling. Whether acidosis initiates
this process fast enough to entirely explain complete con-
tractile failure in PEA remains unanswered. Measurements
of intracellular pH changes by magnetic resonance provide
values integrated over 3 to 4 minutes, and, as a result, the
intracellular changes in the first few minutes of PEA are
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difficult to measure.19,36 Further, magnetic resonance
methodology uses the phase shift for inorganic phosphate
to determine intracellular pH, which may be encountered
by the contractile proteins.19 Conversely, extracellular
acidosis is known to occur quickly after the onset of
ischemia. The decrease in affinity of troponin C for Ca2�

resulting from intracellular acidosis is probably partially
responsible for excitation contraction coupling; however,
there is insufficient evidence at this time to attribute con-
tractile failure entirely to acidosis.

Adenosine triphosphate
Depletion of ATP may be a key factor in the development
of PEA and in determining the potential reversibility of the
process.7,30,37,38 Some investigators have shown that intra-
cellular ATP concentrations in ischemic myocardium fall
to approximately 50% of normal after 15 minutes of
ischemia.29,39 Myocardial ATP levels in these studies also
remained reduced for days following reperfusion.29,39 Since
recovery of myocardial function parallels the recovery of
intracellular ATP concentrations, it is tempting to specu-
late that they are causally related.29 It is possible that
myocardial function remains depressed until ATP stores or
at least the pool of ATP directly related to the contractile
process has returned to normal. However, other factors
including calcium flux also may be responsible.29

Other investigators have suggested that lowered but
functional levels of ATP are maintained during ischemia
and are present at the time of contractile failure.40,41 ATP
that is used during the early phases of development of
ischemia is replaced by breakdown of phosphocreatine
and, to a lesser degree, by anaerobic glycolysis. This process
leads to substantial increases in inorganic phosphate and
modest increases in ADP.17 Increases in inorganic phos-
phates and ADP limit the free energy available from ATP,
resulting in metabolic inefficiency.19,22

It has also been proposed that ischemia disrupts the
modulatory function of ATP, possibly affecting calcium
entry into cells, calcium efflux from the sarcoplasmic
reticulum, or both.20,22 Increased intracellular levels of
inorganic phosphates may also contribute to the develop-
ment of PEA by forming insoluble calcium phosphate pre-
cipitates, thus trapping calcium in the sarcoplasmic
reticulum and mitochondria.20,22

Autonomic nervous system
Kostreva et al. studied the role of the autonomic nervous
system in the initiation of PEA during acute cardiac
tamponade in a dog model.42 The onset of PEA in this
model was significantly delayed by either surgical or
pharmacologic sympathectomy, leading the authors to

conclude that the sympathetic efferent component of
the autonomic nervous system plays an important role
in the initiation of PEA.42 Cardiac sympathetic efferent
stimulation increased the heart rate and double product
(Heart rate�Peak left ventricular pressure�100), thereby
increasing cardiac work and oxygen consumption and pro-
moting the initiation of PEA. �-blockade with propranolol
decreased the double product and heart rate, significantly
delaying the onset of PEA. Although this PEA model did not
show any apparent effect on initiation of PEA with bilateral
vagotomy, other authors contend that the parasympa-
thetic nervous system also plays an important role.

DeBehnke found that complete loss of vagal tone
through surgical vagotomy significantly improved the rate
of return of spontaneous circulation from experimental
asphyxial PEA cardiac arrest in a dog model.43 The greater
incidence of inferior myocardial infarctions in patients
with PEA also suggests a role of the autonomic nervous
system.6,22 Acute increases in parasympathetic activity or
withdrawal of sympathetic activity may be partially respon-
sible for initiating the condition. Precipitous decreases in
heart rate and blood pressure attributed to the Bezold-
Jarish reflex are frequently seen with inferior myocardial
infarctions and the development of PEA.44 The role of the
autonomic nervous system in triggering the sequence of
events leading to PEA is still undefined and remains a
promising area for further research.

Other metabolic derangements
Hypoxia resulting in anaerobic glycolysis and severe lactic
acidosis is thought to precipitate PEA in a significant pro-
portion of patients. In an autopsy study, Pirolo et al.
reported that approximately 20% of PEA patients had a res-
piratory cause of cardiac arrest.8 In a prehospital study,
Stueven et al. reported approximately 53% of successfully
resuscitated prehospital PEA patients had a probable res-
piratory cause for their arrest.4 After the onset of ischemia,
cellular action potentials decrease and become sufficiently
depolarized to become inexcitable. This depolarization is
due almost entirely to an accumulation of extracellular
potassium.45,46

There are predictable cardiovascular responses to
hypothermia.47 After an initial tachycardia, progressive
bradycardia occurs, with a 50% decrease in the palpable
pulse at 28 �C.47 Because the conduction system is more
sensitive to cold than is the myocardium, the cardiac cycle
is prolonged.48 The PR, QRS, and QT intervals are sequen-
tially prolonged with reduction of core temperature.48

Hypothermia decreases the mean arterial pressure and
cardiac index. With core temperatures below 25 �C, ven-
tricular fibrillation, PEA, or asystole can occur.49 The
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mechanism is poorly defined. Tissue hypoxia, acid-base
disturbances, and autonomic dysfunction all have been
implicated.47

A variety of medications reduce myocardial contractility
and may result in PEA in drug overdoses. Tricyclic antide-
pressants, �-blockers, calcium channel blockers, and digi-
talis can produce PEA.50

Coronary perfusion pressure is well established as the
most important predictor of return of spontaneous circu-
lation in cardiac arrest patients.51,52 With gradual loss of
myocardial contractility that often occurs before the onset
of PEA, myocardial hypoxia and acidosis are further inten-
sified by the corresponding decrease in coronary perfusion
pressure.

Effects of metabolic derangements on
electrocardiographic characteristics
Aufderheide et al. studied the ECG characteristics in PEA in
503 prehospital adult cardiac arrest patients.2 The initial
and final ECG characteristics were compared for unsuc-
cessfully (group I) and successfully (group II) resuscitated
patients (Table 22.1). On initial prehospital presentation,
patients with PEA who responded to therapy (group II) had
significantly faster initial rates, a higher incidence of P
waves, and average shorter QRS and QT intervals than did
patients not responding to therapy (Group I). Successfully
resuscitated patients were capable of increasing heart
rates, shortening QT intervals, and developing the new

onset of P waves in response to treatment. Further, suc-
cessfully resuscitated patients had an average initial and
final QRS complex length within normal limits, and these
remained unchanged with therapy (Table 22.1).

Successful resuscitations (Group II) were divided into
those who lived and those who died. ECG parameters were
not significantly different with respect to the presence of P
waves or QT or QRS interval. Heart rate was significantly
different in these two groups (Table 22.2). Patients who
responded to therapy but eventually died increased their
heart rate over baseline, and it remained significantly ele-
vated when compared with patients who lived. In the group
of patients who died, 74% presented to the emergency
department with tachycardias. Conversely, those patients
who were successfully resuscitated and lived had faster
initial presenting heart rates and these tended to become
normal with therapy; that is, bradycardias increased and
tachycardias decreased. Nearly 69% of PEA saves (defined
as discharged from the hospital alive) arrived at the emer-
gency department with normal rates. Bradycardias were
the predominant presenting rhythm in unsuccessful resus-
citations (Table 22.2).

There appeared to be a relationship between the presence
of sinoatrial activity and the rate of successful resuscitation
and saves (Table 22.3). Successfully resuscitated patients
had a significantly higher incidence of organized atrial
activity on initial ECG than did non-responding patients. In
addition, nearly 20% of successful resuscitations and 30% of

Table 22.1. Unsuccessful vs. successful resuscitations

Group a Rate Presence of P waves (%) QT interval (SEC) QRS interval (SEC)

Group I (n
405) 55�27  b 21.0 b 0.56�0.2     b 0.12�0.06 
b

Group II initial (n
98) 75�45 42.9 0.46�0.21 0.09�0.04

Group II final (n
98) 114�36 
b

60.0  
c

0.40�0.11  
c

0.09�0.03

a Group I, unsuccessful resuscitations; group II, successful resuscitations.
b P�0.01.
c P�0.04.

} } } }
} }}

Table 22.2. Rate vs. outcome

Group II

Initial Final

Rate (beats/min) Group I(%) Died (%) Lived (%) Died (%) Lived (%)

Tachycardia (rate�100) 8.68 22.08 36.36 74.06 25.00

Normal rate (60–100) 28.68 35.06 27.27 18.54 68.75

Bradycardia (rate�60) 62.64 42.86 36.37 7.40 6.25
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saves developed the new onset of organized atrial activity
with treatment. No patient with an initial ECG rhythm of
second- or third-degree atrioventricular (AV) block survived
to hospital discharge. Similarly, supraventricular tachycar-
dia appeared to be associated with a negative outcome. PEA
saves were in those patients who presented to the emer-
gency department following treatment and who had sinus
activity related to the QRS complex (75%) or narrow
complex nodal rhythms (25%).

The time from onset of cardiac arrest, as estimated by the
paramedics, was significantly longer for unsuccessful
resuscitations than for successful resuscitations.2

Earlier PEA ECG studies performed in animals and
humans demonstrated a progression of ECG characteris-
tics with time from onset of anoxia.7,18,53–67 After the onset
of anoxia, the vagi and the electrical cardiac conduction
system respond to ever-worsening metabolic events,
including lactic acidosis, hypoxia, electrolyte abnormali-
ties, and depletion of intracellular metabolites including
ATP and creatine phosphate.19,25,28,29,39,68–70 These meta-
bolic events worsen with time but are potentially reversible
through pharmacologic and non-pharmacologic resusci-
tative intervention. It is tempting to speculate, therefore,
that the observed ECG characteristics in PEA patients are a
function of time from onset of anoxia and consequently
provide a predictive indicator for successful resuscitation
and survival.

Stueven et al. classified PEA patients into four groups
based on initial ECG morphology and related this classifi-
cation to patient outcome in 503 PEA patients treated in
an emergency medical system.3 Group 1 and group 2A
classifications represented more normal ECG complexes.
Thus PEA patients who were successfully resuscitated
or saved had initial ECG complexes classified as group 1
or group 2A. Group 2B and group 3 represented more
abnormal ECG complexes. Consequently, no PEA patient

classified in group 2B or group 3 was saved or successfully
resuscitated. The authors of this study speculated that
these four classifications represented progressive stages
in the anoxic process, which accounted for their predic-
tive value with respect to outcome or response to therapy
(Fig. 22.6).3

Paradis et al. extended these findings by studying the
relationship between the ECG and perfusion by measuring
central aortic pressure in patients during PEA.1 Ninety-four
patients with PEA were classified as those with and those
without aortic pulse pressures, and the ECG findings and
rates of return of spontaneous circulation in the two groups
were compared.1

Patients whose ECG showed regular, organized depolar-
izations but who lacked palpable carotid or femoral arter-
ial pulses were designated to be in PEA: those without
aortic pulse pressures were defined as being in true PEA
(n 
55); those with regular aortic pulse pressures less than
60 mm Hg that were synchronous with ECG depolariza-
tions were designated as having pseudo-PEA.

The QR and QRS durations of patients with true PEA and
pseudo-PEA are compared in Table 22.4. Patients with
pseudo-PEA had shorter QR and QRS durations than did
patients with true PEA.

Table 22.3. Rhythm type vs. outcome

Group II

Initial Final

Rhythm type Group I (%) Died (%) Lived (%) Died (%) Lived (%)

Sinus activity related to QRS complex 12.40 32.47 45.46 53.69 75

Second- and third-degree atrioventricular block 7.93 7.79 0 0 0

Atrial fibrillation 0 2.60 4.55 3.70 0

Supraventricular tachycardia 0.99 0 0 12.96 0

Nodal 34.16 25.98 27.28 22.21 25

Wide complex rhythms without P waves 44.57 25.98 22.73 7.14 0

Table 22.4. Duration of ECG components in patients with
true PEA and pseudo-PEAa

True PEA Pseudo-PEA P

QR 0.19�0.13 (0.04–0.56) 0.07�0.05 (0.02–0.20) 0.0004

RS 0.12�0.08 (0.05–0.24) 0.09�0.05 (0.04–0.24) 0.5

QRS 0.24�0.12 (0.11–0.56) 0.12�0.06 (0.04–0.26) 0.006

a Values are durations expressed in seconds, with range in

parentheses.



True and pseudo-pulseless electrical activity

These studies demonstrate that patients with a clinical
diagnosis of PEA are in a spectrum of perfusion states
that range from normotension to complete absence of
perfusion. The fact that many patients clinically in PEA
have mechanical cardiac activity should be considered
when interpreting the results of cardiac arrest studies.
Further, patients with pseudo-PEA appear to have a dif-
ferent short-term prognosis and response to therapy than
do patients in true PEA. On the basis of the above prelim-
inary data, administration of high-dose epinephrine may
be considered in the treatment of narrow-complex PEA in
the hope of improving patient outcome.1

Although the minimal perfusion present in patients with
pseudo-PEA may be the reason for better short-term out-
comes, it is also possible that pseudo-PEA is characterized
by a less deranged pathophysiologic state and therefore is
more amenable to resuscitation.1,2 The characteristics of
patients with true PEA and pseudo-PEA are shown in Table
22.5. The younger age and higher coronary perfusion pres-
sures in patients with pseudo-PEA are consistent with this
conclusion. The greater proportion of witnessed arrests in
patients with pseudo-PEA suggests that arrest times are
shorter.1 Further, the estimated time from onset of cardiac
arrest to arrival of paramedics has been found to be shorter
in PEA patients responding to treatment.2

Rapid differentiation of true PEA and pseudo-PEA may
be important because of the higher frequency of return of
spontaneous circulation with standard and high doses of
epinephrine previously mentioned. Consideration of the
characteristics of patients with true PEA and pseudo-PEA
(Table 22.5) may be helpful, as well as consideration of the
ECG characteristics. Patients in PEA who are successfully
resuscitated have average QRS intervals that are shorter
(0.09 second�0.03 second) than those without return of
spontaneous circulation (0.12 second�0.06 second).2 The
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Table 22.5. Characteristics of patients with true PEA and
pseudo-PEA

Characteristic True PEA Pseudo-PEA P

Age (yr) 71�15 65�15 0.7

Total arrest time (min) 25�11 21�13 0.44

Witnessed arrests 22/55 26/39 0.01

PO2 (mm Hg) 237�168 310�134 0.03

PCO2 (mm Hg) 34�23 24�16 0.04

pH 7.23� .25 7.23� .25 0.7

Coronary perfusion 9.9�11.5 19.2�9.5 �0.0001

pressure (mm Hg) 

A concurrent study of the effect of high-dose epinephrine
on CPR coronary perfusion pressure allowed assessment of
the effects of standard- and high-dose epinephrine on each
type of PEA (71). Eight (15%) of 55 patients in true PEA
and 14 (36%) of 39 in pseudo-PEA responded to standard
therapy, including epinephrine doses of 1 mg with return of
spontaneous circulation (P
 .016). Six (23%) of the 26
patients in true PEA who received high-dose epinephrine
had return of spontaneous circulation. Of the 18 patients
with pseudo-PEA who received high-dose epinephrine,
14 (78%) had return of spontaneous circulation. This was
significantly greater than the proportion with return of
spontaneous circulation after standard doses (P
0.003)
and was the best outcome among all combinations of PEA
type and epinephrine dose (P
0.001).

Group 1

Group 2A

Group 2B

Group 3

Fig. 22.6. PEA morphologic presentation: group 1, normal QRS

width, isoelectric ST waves and normal-appearing T waves; group

2A, atrial activity, widened QRS width (� 0.12 msec) or abnormal

ST or T waves (ST depression, elevation, slurring or T-wave

inversion); group 2B, same as 2A but with no atrial activity; group

3, essentially monophasic, slurred RST complexes. These

classifications may represent progressive stages in anoxic process

of PEA. (From ref. 3.)



observation that patients in pseudo-PEA differ in their
initial but not terminal QRS deflection indicates the
importance of the initial QR deflection (Fig. 22.7).2 Paradis
et al. demonstrated that no patient with pseudo-PEA had a
QRS interval or initial deflection in the QRS of more than
0.2 second.1 A QRS duration of 0.12 second or less and
especially a normal duration of the initial QR deflection
occur most frequently in patients with pseudo-PEA.
Nonetheless, there is significant overlap in the average
ECG values acquired in PEA patient populations, and these
values may not apply in specific cases.

Patients with baseline cardiac contractions (normoten-
sive PEA) probably represent individuals in the first
seconds to minutes after the onset of hypovolemia, tension
pneumothorax, cardiac tamponade, or other sudden
causes for severe preload or afterload reduction. No
studies indicate that normotensive PEA represents a sig-
nificant subset of PEA patients seen by practicing clini-
cians. It is included as a subset primarily for understanding
the pathophysiology and clinical spectrum of PEA. Its
detection, however, may assist the clinician in identifying
a readily reversible cause for PEA.

Rapid and definitive differentiation among normoten-
sive PEA, pseudo-PEA, and true PEA can be achieved by
immediate emergency department echocardiography
able to demonstrate myocardial wall motion in patients
with clinical PEA. Placement of a Doppler probe over the
femoral triangle may rapidly detect pulsatile blood
flow. Establishing a peripheral (femoral or radial) arterial
line may assist in the differentiation of pseudo-PEA.

Alternatively, placement of a central pressure monitoring
catheter may alternatively demonstrate aortic pressures in
patients without a clinically detectable pulse.

Causes of pulseless electrical activity

In many patients, PEA is not a primary cardiac arrest but
rather a state of severe cardiogenic shock from another eti-
ology. This severe hypotension may propagate the PEA
feedback loop: hypotension causes decreased coronary
perfusion, which impairs myocardial function, which
results in greater hypotension (Fig. 22.5). Indeed, myocar-
dial contractility is normal on initiation of PEA (normoten-
sive PEA). As the process continues, decreased cardiac
contractions occur (pseudo-PEA), eventually resulting in
absent cardiac contractions (true PEA). The multiple
causes of PEA play a central role in therapeutic interven-
tion. Consequently, one major action that must be taken
when PEA occurs is the rapid search for possible reversible
causes.50

Pulmonary causes
The most common cause of PEA is probably severe and
sustained respiratory insufficiency or respiratory arrest.
Respiratory insufficiency has been implicated as the cause
of PEA in 20 to 53% of cases.4,8

Preload reduction
Hypovolemia was reported as the cause of PEA in 4.4%
of prehospital patients:4 3.3% had hemorrhage and 1.1%
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Fig. 22.7. Simultaneous aortic arch pressure (expressed in million meters of mercury) and lead II ECG from patient in pseudo-PEA. Total

QRS duration of 0.12 msec or less and especially a normal duration of initial QR deflection are more frequently seen in patients with

pseudo-PEA. (From ref. 1.)



had functional volume depletion as a result of sepsis.4

Pulmonary embolism results in an increase in pulmonary
vascular resistance resulting in an increase in pulmon-
ary arterial pressure. If more than 50% of the pulmonary
vascular tree is occluded, left ventricular enddiastolic
volume is critically reduced and hemodynamic collapse
occurs.

Mechanical causes
Mechanical causes of PEA are so classified because their
etiology is related to anatomic structure and their resolu-
tion requires mechanical intervention. Tension pneu-
mothorax compresses the affected lung, shifting the
mediastinum toward the unaffected side and severely
reducing cardiac output because of positive intrathoracic
pressure decreasing venous return to the heart. Cardiac
tamponade interferes with normal ventricular filling and
results in critically low cardiac output.

Auto-PEEP is a recently described cause of PEA in
patients with bronchospastic pulmonary disease during
mechanical ventilation. When there is inadequate time for
complete exhalation, dynamic forces such as increased
respiratory frequency, airway collapse, tidal volume, per-
centage of inspiratory time (which reduces absolute expir-
atory time), or a combination of these factors results in air
trapping or hyperinflation of the lungs.72,73 An important
consequence of dynamic hyperinflation is that alveolar
pressure remains positive throughout expiration, leading
to the development of “occult” PEEP. The hemodynamic
consequences are identical to those caused by extrinsi-
cally applied PEEP that produce increasing intrathoracic
pressure, increased pulmonary vascular resistance, and
decreased venous return to the heart.74–76

Myocardial dysfunction
A direct myocardial dysfunction may cause PEA via a
variety of conditions. Acute myocardial infarction may
cause a critical loss of left ventricular contraction. Myo-
cardial ischemia may interfere with normal myocardial
function, biochemical processes, and ultrastructure for
prolonged periods, resulting in “stunned” myocardium.29

An autopsy study identified myocardial ischemia as the
precipitating cause of PEA in 44% of cases.8 Patients with
end-stage congestive heart failure may develop hypoten-
sion that causes decreased coronary perfusion and results
in myocardial ischemia that further impairs myocardial
function. Drug overdoses with tricyclic antidepressants,
�-blockers, calcium channel blockers, and digitalis can
depress myocardial function and result in hemodynamic
collapse. Hyperkalemia slows electrical cardiac conduction
and depresses myocardial contractility.77 Hypothermia

results in decreased spontaneous depolarization of pace-
maker cells, bradydysrhythmias, decreased mean arterial
pressure, and decreased cardiac index.48,49

Postdefibrillation pulseless electrical activity

Countershock of ventricular fibrillation may be followed
by transient PEA in up to 60% of resuscitation attempts.16

Hoffman and Stevenson reviewed 100 consecutive patients
with prehospital ventricular fibrillation receiving counter-
shock.18 Thirteen (27%) of the forty-nine patients who
developed immediate postdefibrillation PEA were admit-
ted to the hospital, and four (8%) were discharged from the
hospital alive.18 These patients had statistically signifi-
cantly better outcomes than the 25 patients who failed to
achieve any organized rhythm in the field. As the initial
cardiac arrest rhythm, postcountershock PEA may have a
slightly better prognosis than does true PEA. Many patients
immediately experiencing postcountershock PEA subse-
quently develop pulses. Although patients immediately
developing supraventricular rhythms with pulses have a
better survival rate, the development of postdefibrilla-
tion PEA has a prognosis that is neither better nor worse
than before defibrillation and statistically better than the
prognosis for patients in whom defibrillation fails to
produce any organized rhythm. It is therefore postulated
that the development of PEA immediately following defib-
rillation may represent a transient recovery rhythm that,
in some cases, spontaneously improves, leading to the
appearance of pulses, supraventricular activity, stabiliza-
tion of hemodynamic status, and possible long-term sur-
vival.18 The variability in return of spontaneous circulation
following postcountershock PEA compared with PEA as
the initial cardiac arrest rhythm should be considered
when interpreting cardiac arrest studies.

Therapy

Therapy for PEA depends on correcting metabolic derange-
ments, correcting anatomic structural derangements, and
rapidly reversing underlying causes for PEA.

Correcting metabolic derangements
Because respiratory insufficiency is the cause of PEA in up
to 53% of cases, reversal of hypoxia with immediate airway
stabilization and hyperventilation with 100% oxygen is
indicated in all patients. Maintaining adequate alveolar
ventilation and restoration of tissue perfusion, first with
chest compressions and then with rapid restoration of
spontaneous circulation, should be the primary goal of
acid-base therapy in cardiac arrest. Hyperventilation will
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partially correct respiratory acidosis by removing carbon
dioxide.78 Laboratory and clinical data fail to show conclu-
sively that low blood pH adversely affects ability to restore
spontaneous circulation or short-term survival.79–81 The
use of sodium bicarbonate for treatment of acidosis fol-
lowing return of spontaneous circulation after a long arrest
interval is thought to increase cerebrospinal fluid acidosis,
is thought to be insufficient to reverse myocardial acidosis,
and indeed may be potentially harmful because of its
reduction in coronary perfusion pressure.82–86 The use of
bicarbonate may be considered as a therapeutic option
with the weight of evidence in favor of its usefulness and
efficacy in patients with preexisting metabolic acidosis,
hyperkalemia, or tricyclic or phenobarbital overdose.50

Treatment of the cardiotoxic effects of various drug over-
doses can be effective in the shock state but has not been
clearly demonstrated to be effective in cardiac arrest. The
direct cardiotoxic effects of tricyclic antidepressant over-
dose can often be reversed by producing a systemic arterial
pH above 7.5 by hyperventilation and the use of intravenous
bicarbonate.50 The cardiosuppressant effects of overdoses
of �-blockers respond variably to intravenous glucagon,
epinephrine, isoproterenol, and intravascular volume
expansion. The cardiac suppressant effects of overdoses of
calcium channel blockers can be reversed with intravenous
calcium chloride or calcium gluconate. Massive digitalis
overdose is treated with intravenous Digabind. The car-
diotoxic effects of hyperkalemia are immediately reversed
with intravenous calcium chloride or calcium gluconate,
followed by intravenous bicarbonate, 10 units of regular
insulin, and 1 ampule of intravenous D-50. Therapeutic
options for reversing hypothermia include passive external
rewarming or active external or core rewarming.48,49

Correcting severely reduced preload
Patients with hypotension caused by known hypovolemia
should receive rapid intravenous volume expansion. Needle
and tube thoracostomies may improve venous return to the
heart in patients with tension pneumothorax. Subxiphoid
pericardiocentesis may be lifesaving in patients with peri-
cardial tamponade.

Reducing increased vagal tone
Atropine has been recommended by the American Heart
Association in cases of bradycardic PEA (below 60 beats/
min) or in patients with relative bradycardia.50 Atropine
may reduce increased vagal tone. It has been demonstrated
that patients in PEA who respond to treatment with rate
normalization have a higher resuscitation and save rate.2

The atropine dose-response rate for human subjects in PEA
has not been established.

Pharmacologically increasing coronary perfusion
pressure
�-Adrenergic stimulation improves coronary perfusion
pressure, which has been shown experimentally and clin-
ically to predict return of spontaneous circulation.51,87

Epinephrine has been the adrenergic agent of choice in
cardiac arrest. Preliminary information suggests that
patients with PEA have a higher rate of return of sponta-
neous circulation in response to high-dose rather than stan-
dard dose epinephrine.88 Further, patients in pseudo-PEA
may benefit from high-dose epinephrine (1). High-dose epi-
nephrine may interrupt the feedback loop of hypotension
that causes decreased coronary perfusion and further
impairs myocardial function in such patients (Fig. 22.5).

Mechanically increasing coronary perfusion pressure
Maintaining adequate coronary perfusion pressure by uti-
lizing closed chest CPR and intravenous adrenergic agents
is the mainstay of therapy for PEA. Modifying existing CPR
techniques may improve forward flow, thus increasing
coronary perfusion pressure and possibly improving
patient outcome. Interopposed abdominal compression
CPR, circumferential compression of the chest with use of
a pneumatic vest, and active compression-decompression
CPR have been shown to improve coronary perfusion pres-
sures and blood flow compared with standard CPR.89–96.
Cardiopulmonary bypass implemented within 15 minutes
after PEA arrest has improved return of spontaneous
circulation rates compared with standard- and high-dose
epinephrine in an animal postcountershock model.97

Cardiopulmonary bypass may be a possible therapeutic
option in appropriately staffed resuscitation institutions.

Assisting the cardiac electrical conduction system
Transvenous cardiac pacing was studied in a canine model
of postcountershock PEA and was found to produce
electrical capture but no cardiac contractions.15 Until
cardiac pacing in PEA is studied further, therapy should
be aimed at increasing perfusion pressure with other
interventions.

The future

PEA remains poorly understood at the biochemical, cellu-
lar, and clinical levels. Further investigation into the precise
relationships between intracellular biochemical events and
myocardial contraction is needed to define the pathologic
biochemical cascade leading to uncoupling of excitation
and contraction. Characterization of the mechanism for
dysfunctional intracellular release and reaccumulation of
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Ca2� and the degree of change in affinity for Ca2� during
PEA are important areas for investigation. The presence
and description of interfering structural changes between
actin and myosin cross bridges, including tropomyosin and
troponins T, I, and C, at the physiologic extremes seen in
PEA may assist understanding of this pathologic process.
Further characterization of the biochemical interactions of
intracellular high-energy phosphate (ATP) might lead to
interventions designed to minimize depletion and facilitate
regeneration of myocardial ATP stores.

PEA clinically presents with a spectrum from normoten-
sive to absent myocardial contraction, and there are
numerous causes for this condition. Different etiologies
may have significantly different pathophysiologic mech-
anisms and correspondingly different responses to treat-
ment. Study of therapeutic options in PEA is currently
limited to asphyxial, tamponade, and postdefibrillation
animal models. There is a need to develop and study a
much wider variety of animal models that reflect the types
of PEA seen clinically, including tension pneumothorax,
sepsis/hypovolemia, pulmonary embolus, and drug toxic-
ity PEA animal models.

Perhaps the greatest recent advance in PEA has been the
recognition of the important subset of pseudo-PEA
patients and their apparent response to high-dose epi-
nephrine therapy. Currently under development, portable
and simplified echocardiographic technology may, in the
near future, allow hospital and prehospital identification of
such patients. Rapid and accurate identification of
pseudo-PEA patients will allow clinicians to match PEA
therapeutic intervention more accurately with underlying
pathophysiology.

Acknowledgment
With appreciation to Ms. Dawn Kawa for her support
of this project and superb manuscript preparation and
revision.

REFERENCES

1. Paradis, N.A., Martin, G.B., Boetting, M.G., Rivers, E.P.,

Feingold, M., & Nowak, R.M. Aortic pressure during human

cardiac arrest: identification of pseudo-electromechanical

dissociation. Chest 1992; 101(1): 123–128.

2. Aufderheide, T.P., Thakur, R.K., Stueven, H.A. et al.

Electrocardiographic characteristics in EMD. Resuscitation

1989; 17: 183–193.

3. Stueven, H.A., Aufderheide, T., Thakur, R.K., Hargarten, K., &

Vanags, B. Defining electromechanical dissociation: morpho-

logic presentation. Resuscitation 1989; 17: 195–203.

4. Stueven, H.A., Aufderheide, T., Waite, E.M., & Mateer, J.R.

Electromechanical dissociation: six years prehospital experi-

ence. Resuscitation 1989; 17: 173–182.

5. Weaver, W.D., Copass, M.K., Hill, D.K. et al. Cardiac arrest

treated with a new automatic external defibrillator by out-of-

hospital first responders. Am. J. Cardiol. 1986; 57: 1017–1021.

6. Raizes, G., Wagner, G.S., & Hacket, D.B. Instantaneous non-

arrhythmic cardiac death in acute myocardial infarction. Am.

J. Cardiol. 1973; 39: 1–6.

7. Vincent, J.L., Thijs, L., Weil, M.H., Michaels, S., & Silverberg,

R.A. Clinical and experimental studies on electromechanical

dissociation. Circulation 1981; 64: 18–67.

8. Pirolo, J.S., Hutchins, G.M., & Moore, G.W. Electromechanical

dissociation: pathologic explanations in 50 patients. Hum.

Pathol. 1985; 16: 485–487.

9. Tresch, D.D., Thakur, R.K., Hoffman, R.G., Olson, D., & Brooks,

H.L. Should the elderly be resuscitated following out-of-

hospital cardiac arrest? Am. J. Med. 1989; 86: 145–150.

10. Braunwald, E. Normal and abnormal myocardial function.

In: Braunwald, E., Isselbacher, K.J., Petersdorf, R.G., Wilson,

J.D., Martin, J.B., & Fauci, A.S., eds. Harrison’s Principles of

Internal Medicine, 11th edn. St Louis: McGraw-Hill, 1987:

896–905.

11. The heart. In: Cotran, R.S., Kumar, V., & Robbins, S.L., eds.

Robbins Pathologic Basis of Disease, 4th ed. Philadelphia:

WB Saunders, 1989: 597–656.

12. Zimmerman, A.N.E., Meijler, F.L., & Hulsmann, W.C. The

inhibitory effect of acetoacetate on myocardial contraction

[Letter]. Lancet 1962; Oct 13: 757–758.

13. Zimmerman, A.N.E., Daems, W., Hulsmann, W.C., Snijder, J.,

Wisse, E., & Durrer, D. Morphological changes of heart muscle

caused by successive perfusion with calcium-free and

calcium-containing solutions (calcium paradox). Cardiovasc.

Res. 1967; 1: 201–209.

14. Redding, J.S., Haynes, R.R., & Thomas, J.D. Drug therapy in

resuscitation from electromechanical dissociation. Crit. Care

Med. 1983; 11(9): 681–684.

15. Niemann, J.T., Haynes, K.S., Garner, D., Rennie, C.J., Jagels,

G., & Stormo, O. Postcountershock pulseless rhythms:

response to CPR, artificial cardiac pacing, and adrenergic ago-

nists. Ann. Emerg. Med. 1986; 15: 112–120.

16. Warner, L.L., Hoffman, J.R., & Baraff, L.J. Prognostic signifi-

cance of field response in out-of-hospital ventricular fibrilla-

tion. Chest 1985; 87: 22–28.

17. Weaver, W.D., Cobb, L.A., Dennis, D. et al. Amplitude of ven-

tricular fibrillation waveform and outcome after cardiac

arrest. Ann. Intern. Med. 1985; 102: 53–55.

18. Hoffman, J.R., & Stevenson, L.W. Postdefibrillation idioventric-

ular rhythm – a salvageable condition. West J. Med. 1987; 146:

188–191.

19. Fozzard, H.A. Electromechanical dissociation and its possible

role in sudden cardiac death. J. Am. Coll. Cardiol 1985; 5:

31B–34B.

20. Kubler, W., & Katz, A.M. Mechanism of early “pump” failure of

the ischemic heart. Am. J. Cardiol. 1977; 40: 467–471.

442 T.P. Aufderheide



21. Tennant, R., & Wiggers, C.J. The effect of coronary occlusion on

myocardial contraction. Am. J. Physiol. 1935; 112: 351–361.

22. Charlap, S., Kahlam, S., Lichstein, E., & Frishman, W. Electro-

mechanical dissociation: diagnosis, pathophysiology, and

management. Am. Heart J. 1989; 118(2): 355–360.

23. Heyndrickx, G.R., Baig, H., Nellers, P., Levsen, L., Fishbein,

M.C., & Vatner, S.F. Depression of regional blood flow and wall

thickening after brief coronary occlusions. Am. J. Physiol. 1978;

234: H653.

24. Ellis, S.G., Henschke, C.I., Sandor, T., Wynne, J., Braunwald,

E., & Kloner, R.A. Time course of functional and biochemical

recovery of myocardium salvaged by reperfusion. J. Am. Coll.

Cardiol. 1983; 1(4):1047–1055.

25. Puri, P.S. Contractile and biochemical effects of coronary

reperfusion after extended periods of coronary occlusion. Am.

J. Cardiol. 1975; 36: 244.

26. Weiner, J.M., Apstein, C.S., Arthur, J.H., Pirzada, F.A., & Hood,

W.B. Persistence of myocardial injury following brief periods of

coronary occlusion. Cardiovasc. Res. 1976; 10: 678.

27. Wood, J.M., Hanley, H.G., Entman, M.L. et al. Biochemical

ischemia in the dog. IV. Energy mechanisms during very early

ischemia. Circ. Res. 1979; 44: 52.

28. Hess, M.L., Barnhart, G.R., Crute, S., Komwatana, P., Krause,

S., & Greenfield, L.J. Mechanical and biochemical effects of

transient myocardial ischemia. J. Surg. Res. 1979; 26: 175.

29. Braunwald, E., & Kloner, R.A. The stunned myocardium: pro-

longed, post-ischemic ventricular dysfunction. Circulation

1982; 66(6): 1146–1149.

30. Martin, G.B. Use of calcium blockers in electromechanical

dissociation. Ann. Emerg. Med. 1984; 13(2): 846–848.

31. Nayler, W.G. The role of calcium in the ischemic myocardium.

Am. J. Pathol. 1981; 102: 267–270.

32. Weishaar, R.E., & Bing, R.J. The beneficial effect of a calcium

channel blocker, diltiazem, on the ischemic-reperfused heart.

J. Mol. Cell. Cardiol. 1980; 12: 993–1009.

33. Ashraf, M., White, F., & Bloor, C.M. Ultrastructural influences

of reperfusing dog myocardium with calcium-free blood

after coronary artery occlusion. Am. J. Pathol. 1978; 90:

423–428.

34. Shen, A.C., & Jennings, R.B. Kinetics of calcium accumulation

in acute myocardial ischemic injury. Am. J. Pathol. 1972; 67:

441–452.

35. Shen, A.C., & Jennings, R.B. Myocardial calcium and magne-

sium in acute ischemic injury. Am. J. Pathol. 1972; 67: 417–440.

36. Allen, D.G., Morris, P.G., & Orchard, C.H. A transient alkalosis

precedes acidosis during hypoxia in ferret heart. J. Physiol.

(Lond) 1983; 343: 58P–9.

37. Jennings, R.B., & Reimer, K.A. Lethal myocardial ischemic

injury. Am. J. Pathol. 1981; 102: 241–255.

38. Benson, E.S., Evans, G.T., Hallaway, B.E., Phibbs, C., & Frier, E.F.

Myocardial creatine phosphate and nucleotides in anoxic

cardiac arrest and recovery. Am. J. Physiol. 1961; 201: 687–693.

39. DeBoer, L.W.V., Ingwall, J.S., Kloner, R.A., & Braunwald, E.

Prolonged derangements of canine myocardial purine metab-

olism after a brief coronary artery occlusion not associated

with anatomic evidence of necrosis. Proc. Natl. Acad. Sci. USA

1980; 77(9): 5471–5475.

40. Katz, A.M. Effects of interrupted coronary flow upon myocar-

dial metabolism and contractility. Prog. Cardiovasc. Dis. 1968;

10: 450–465.

41. Kübler, W., & Katz, A.M. Mechanism of early “pump” failure of

the ischemic heart. Am. J. Cardiol. 1977; 40: 467–471.

42. Kostreva, D.R., Castaner, A., & Kampine, J.P. Role of autonom-

ics in the initiation of electromechanical dissociation. Am. J.

Physiol. 1981; 241(Regul. Integr. Comp. Physiol. 10):R213–R221.

43. DeBehnke, D.J. Effects of vagal tone on resuscitation from

experimental electro-mechanical dissociation. Ann. Emerg.

Med. 1993; 22: 1789–1794.

44. Frink, R.J., & James, T.N. Intracardiac route of the Bezold-

Jarisch reflex. Am. J. Physiol. 1971; 221: 1464–1469.

45. Hill, J.L., & Gettes, L.S. Effect of acute coronary artery occlu-

sion on local myocardial extracellular K� activity in swine.

Circulation 1980; 61: 768–778.

46. Kléber, A.J. Resting membrane potential, extracellular potas-

sium activity, and intracellular sodium activity during acute

global ischemia in isolated perfused guinea pig hearts. Circ.

Res. 1983; 52: 442–450.

47. Danzl, D.F. Accidental hypothermia. In: Rosen, P., Barkin, R.M.,

eds. Emergency Medicine: Concepts and Clinical Practice.

St Louis: Mosby-Year Book, 1992: 913–944.

48. Bashour, T.T., Gualberto, A., & Ryan, C. Atrioventricular block

in accidental hypothermia – a case report. Angiology 1989;

40: 63.

49. Harnett, R.M., Pruitt, J.R., & Sias, F.R. A review of the literature

concerning resuscitation from hypothermia. II. Selected

rewarming protocols. Aviat. Space Environ. Med. 1983; 54: 487.

50. Emergency Cardiac Care Committee and Subcommittees,

American Heart Association. Guidelines for cardiopulmonary

resuscitation and emergency cardiac care. III. Adult advanced

cardiac life support. J. Am. Med. Assoc. 1992; 268: 2219.

51. Paradis, N.A., Martin, G.B., Rivers, E.P. et al. Coronary perfu-

sion pressure and the return of spontaneous circulation in

human cardiopulmonary resuscitation. J. Am. Med. Assoc.

1990; 263(8):1106–1113.

52. Niemann, J.T., Garner, D., Pelikan, P.C.D., & Jagels, G. Predictive

value of the ECG in determining cardiac resuscitation

outcome in a canine model of postcountershock electro-

mechanical dissociation after prolonged ventricular fibrilla-

tion. Ann. Emerg. Med. 1988; 17: 567–571.

53. Rhomer. Ueber das elekrokardiogramm dies diphtherieherz-

todef. Munchen Med. Wochenschr 1911; 58: 2358.

54. Robinson, G.C. A study with the electrocardiograph of the

mode of death of the human heart. J. Exp. Med. 1912; 16:

291–302.

55. Dieuaide, F.R., & Davidson, E.C. Terminal cardiac arrhythmias:

report of three cases. Arch. Int. Med. 1921; 28: 663–677.

56. Willius, F.A. Changes in the mechanism of the human heart

preceding and during death. Med. J. Rec. 1924; 119: 49.

57. Kahn, M.H., & Goldstein, I. The human dying heart. Am. J. Med.

Sci. 1924; 168: 388–412.

Pulseless electrical activity 443



58. Turner, K.B. The mechanism of death of the human heart as

recorded in the electrocardiogram. Am. Heart J. 1931; 6:

743–757.

59. Hanson, J.F., Purks, W.K., & Anderson, R.G. Electrocardiographic

studies of the dying human heart. Arch. Int. Med. 1933; 51:

965–977.

60. Greene, C.W., & Gilbert, N.C. Studies on the responses of the

circulation to low oxygen tension. III. Changes in the pace-

maker and in conduction during extreme oxygen want as

shown in the human electrocardiogram. Arch. Int. Med. 1921;

27: 517–557.

61. Greene, C.W., & Gilbert, N.C. Studies in the responses of the

circulation to low oxygen tension. IV. Sphygmographic study of

the pulse during the rebreather test. Arch. Int. Med. 1921; 27:

688–698.

62. Friedman, H.S., Gomes, J.A., Tardio, A.R., & Haft, J.I. The elec-

trocardiographic features of acute cardiac tamponade.

Circulation 1974; 50: 260–265.

63. Sherrington, C.S. A mammalian spinal preparation. J. Physiol.

1909; 38: 375–383.

64. Roaf, H.E., & Sherrington, C.S. Further remarks on the mam-

malian spinal preparation. Q. J. Exp. Physiol. 1910; 3: 209–211.

65. Lewis, T., & Mathison, G.C. Auriculo-ventricular heart-block as

a result of asphyxia. Heart 1910; 2: 47–53.

66. Mathison, G.C. The cause of the heart-block occurring during

asphyxia. Heart 1910; 2: 54–73.

67. Kountz, W.B., & Gruber, C.M. The electrocardiographic changes

in anoxemia. Proc. Soc. Exp. Biol. Med. 1929; 27: 170–172.

68. Heyndrickx, G.R., Millard, R.W., McRitchie, R.J., Maroko, P.R., &

Vatner, S.F. Regional myocardial functional and electrophysio-

logical alterations after brief coronary artery occlusion in con-

scious dogs. J. Clin. Invest. 1975; 56: 978–985.

69. Reimer, K.A., Hill, M.L., & Jennings, R.B. Prolonged depletion

of ATP and of the adenine nucleotide pool due to delayed

resynthesis of adenine nucleotides following reversible

myocardial ischemic injury in dogs. J. Mol. Cell. Cardiol. 1981;

13: 229–239.

70. Jennings, R.B., Hawkins, H.K., Lowe, J.E., Hill, M.L., Klotman,

S., & Reimer, K.A. Relation between high energy phosphate

and lethal injury in myocardial ischemia in the dog. Am. J.

Pathol. 1978; 92: 187–213.

71. Paradis, N.A., Martin, G.B., Ribers, E.P., Rosenberg, J.,

Appleton, T.J., & Nowak, R.M. The effect of standard- and high-

dose epinephrine on coronary perfusion pressure during pro-

longed cardiopulmonary resuscitation. J. Am. Med. Assoc.

1991; 2650: 1139–1144.

72. Rogers, P.L., Schlichtig, R., Miro, A., & Pinsky, M. Auto-PEEP

during CPR: an “occult” cause of electromechanical dissocia-

tion? Chest 1991; 99: 492–493.

73. Bergman, N.A. Intrapulmonary gas trapping during mechani-

cal ventilation at rapid frequencies. Anesthesiology 1972; 37:

626–633.

74. Pepe, P.E., & Marini, J.J. Occult positive end-expiratory pressure

in mechanically ventilated patients with airflow obstruction:

the auto-PEEP effect. Am. Rev. Respir. Dis. 1982; 126: 166–170.

75. Whittenberger, J.L., McGregor, M., Berglund, E., & Borst, H.G.

Influence of state of inflation of the lung on pulmonary vascu-

lar resistance. J. Appl. Physiol. 1960; 15: 878–882.

76. Vincent, J.L., & Pinsky, M.R. Cough-induced syncope.

Intensive Care Med. 1988; 14: 591–594.

77. Fourman, P. Experimental observations on the tetany of potas-

sium deficiency. Lancet 1954; 2: 525.

78. Bishop, R.L., & Weisfeldt, M.L. Sodium bicarbonate adminis-

tration during cardiac arrest: effect on arterial pH, PCO2, and

osmolality. J. Am. Med. Assoc. 1976; 235: 506–509.

79. Kette, F., Weil, M.H., von Planta, M., Gazmuri, R.G., & Rackow,

E.D. Buffer agents do not reverse intramyocardial acidosis

during cardiac resuscitation. Circulation 1990; 81: 1660–1666.

80. Kerber, R.E., Pandian, N.G., Hoyt, R. et al. Effect of ischemia,

hypertrophy, hypoxia, acidosis, and alkalosis on canine defib-

rillation. Am. J. Physiol. 1983; 244: H825–H831.

81. von Planta, M., Weil, M.H., Gazmuri, R.J., Bisera, J., & Rackow,

E.C. Myocardial acidosis associated with CO2 production

during cardiac arrest and resuscitation. Circulation 1989; 80:

684–692.

82. Weisfeldt, M.L., Bishop, R.L., & Greene, H.L. Effects of pH and

PCO2 on performance of ischemic myocardium. In Recent

Advances in Studies on Cardiac Structure and Metabolism.

Baltimore: University Park Press, 1975: vol 10.

83. Cingolani, H.E., Faulkner, S.L., Mattiazzi, A.R., Bender, H.W., &

Graham Jr, T.P. Depression of human myocardial contractility

with “respiratory” and “metabolic” acidosis. Surgery 1975; 77:

427–432.

84. Cingolani, H.E., Mattiazzi, A.R., Blesa, E.S., & Gonzalez, N.C.

Contractility in isolated mammalian heart muscle after acid-

base changes. Circ. Res. 1970; 26: 269–278.

85. Berenyi, K.J., Wolk, M., & Killip, T. Cerebrospinal fluid acidosis

complicating therapy of experimental cardiopulmonary

arrest. Circulation 1975; 52: 319–324.

86. Khuri, S.F., Flaherty, J.T., O’Riordan, J.B. et al. Changes in

intramyocardial ST segment voltage and gas tensions with

regional myocardial ischemia in the dog. Circ. Res. 1975; 37:

455–463.

87. Sanders, A.B., Ogle, M., & Ewy, G.A. Coronary perfusion pres-

sure during cardiopulmonary resuscitation. Am. J. Emerg. Med.

1985; 3: 11–14.

88. Brown, C.G., Martin, D.R., Pepe, P.E. et al. A comparison of

standard-dose and high-dose epinephrine in cardiac arrest

outside the hospital. N. Engl. J. Med. 1992; 327: 1051–1055.

89. Lindner, K.H., Ahnefeld, F.W., & Bowdler, I.M. Cardiopulmonary

resuscitation with interposed abdominal compression after

asphyxial or fibrillatory cardiac arrest in pigs. Anesthesiology

1990; 72: 675–681.

90. Ralston, S.H., Babbs, C.F., & Neibauer, M.J. Cardiopulmonary

resuscitation with interposed abdominal compression in

dogs. Anesth Analg 1982; 61: 645–651.

91. Voorhees, W.D., Niebauer, M.J., & Babbs, C.F. Improved oxygen

delivery during cardiopulmonary resuscitation with inter-

posed abdominal compressions. Ann. Emerg. Med. 1983; 12:

128–135.

444 T.P. Aufderheide



92. Einagle, V., Bertrand, F., Wise, R.A., Roussos, C., & Magder, S.

Interposed abdominal compressions and carotid blood flow

during cardiopulmonary resuscitation: support for a thora-

coabdominal unit. Chest 1988; 93: 1206–1212.

93. Walker, J.W., Bruestle, J.C., White, B.C., Evans, A.T., Indreri, R., &

Rialek, H. Perfusion of the cerebral cortex by use of abdominal

counterpulsation during cardiopulmonary resuscitation. Am.

J. Emerg. Med. 1984; 2: 391–393.

94. Halperin, H.R., Guerci, A.D., Chandra, N. et al. Vest inflation

without simultaneous ventilation during cardiac arrest in

dogs: improved survival from prolonged cardiopulmonary

resuscitation. Circulation 1986; 74: 1407–1415.

95. Halperin, H.R., Tsitlik, J.E., Gelfand, M. et al. A preliminary

study of cardiopulmonary resuscitation by circumferential

compression of the chest with use of a pneumatic vest. N. Engl.

J. Med. 1993; 329: 762–768.

96. Lindner, K.H., Pfenninger, E.G., Lurie, K.G., Schürmann, W.,

Lindner, K.M., & Ahnefeld, F.W. Effects of active compression-

decompression resuscitation on myocardial and cerebral

blood flow in pigs. Circulation 1993; 88: 1254–1263.

97. DeBehnke, D.J., Angelos, M.G., & Leasure, J.E. Use of car-

diopulmonary bypass, high-dose epinephrine, and standard-

dose epinephrine in resuscitation from post-countershock

electromechanical dissociation. Ann. Emerg. Med. 1992; 21:

1051–1057.

Addendum

Volker Wenzel

Innsbruck Medical University, Department of Anesthesiology and Critical

Care Medicine, Austria

In a recent study of initial ECG rhythms in out-of-hospital
cardiac arrest in Europe, ventricular fibrillation was
observed in about 40%, asystole in about 45%, and pulse-
less electrical activity accounted for about 15%. In contrast,
pulseless electrical activity was more likely during in-hos-
pital CPR (children 24%, adults 32%). This is similar to a
North American study, when pulseless electrical activity
was the initial ECG rhythm in about 20%–40%.2 Although
exact CPR management was not analyzed according to the
initial ECG rhythm in the in-hospital CPR study, survival of
pulseless electrical activity patients to hospital discharge
was relatively good (pediatrics 27%, adults 11%).3 In a
recent study comparing vasopressin vs. epinephrine during
CPR (n
1219), pulseless electrical activity patients in
Europe had a slightly better chance to be discharged from
the hospital alive than did asystolic patients (about 6%–8%
vs. 2%–5%), but the discharge rate was lower than that for
ventricular fibrillation patients (about 18%–19%).1 While
this study was unable to determine an advantage of vaso-
pressin over epinephrine, no pulseless electrical activity

patient receiving �3 mg of epinephrine during CPR (n
82)
was discharged from the hospital alive, indicating that
there may be a critical myocardial ischemia threshold in
pulseless electrical activity patients for them to survive.1

With use of a load-distributing band during out-of-hospital
CPR, survival was not improved but differences in survival
patterns between initial ECG rhythms (hospital discharge
rate, ventricular fibrillation 14%–23%; pulseless electrical
activity 3%–9%; asystole 1%–2%)2 were similar to those in
the vasopressin trial in Europe.

Comparable hospital discharge rates for pulseless elec-
trical activity patients were found in Richmond, Virginia,
where a load-distributing band was also employed, but sur-
vival was not improved over standard manual CPR.4 When
aminophylline vs. placebo was given to patients with
bradyasystolic states during out-of-hospital CPR (n
971),
it was difficult to evaluate effects in pulseless electrical
activity patients (n
222), because asystolic patients
(n
602), as well as ventricular fibrillation/tachycardia
patients (n
147) were included as well. Nonetheless,
overall hospital discharge rate in both groups was
extremely low (5/971; 0.005%).5 A different pharmacologi-
cal strategy, fibrinolysis, was used in pulseless electrical
activity victims in a prospective CPR study in Vancouver,
Canada. Unfortunately, survival to hospital discharge was
again very low (1/117 in the thrombolysis group, and none
of 116 of patients receiving placebo), indicating that sur-
vival with pulseless electrical activity as initial ECG rhythm
was extremely unlikely at least in this trial, and that any
statement about treatment strategies was inconclusive.6

These clinical studies confirm that survival chances after
cardiac arrest with pulseless electrical activity as the initial
rhythm are significantly worse than after ventricular fibril-
lation, and may be only slightly better than survival chances
after asystolic cardiac arrest. Moreover, the aforementioned
clinical trials further confirm that there is no new promising
therapy, such as a “hot track,” for this cohort of patients that
may be worth follow-up. As pathophysiology indicates,
pulseless electrical activity reflects a myocardium that is vir-
tually completely deprived of metabolic activity, and may
therefore reflect a setting that is extremely difficult to
convert to return of spontaneous circulation with subse-
quent long-term survival and full neurological recovery.
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Part IV

Therapy of sudden death





Sudden cardiac death (SCD) is defined as death from a
cardiac cause that occurs suddenly (usually less than 1
hour) after the onset of symptoms. Most cases of sudden
cardiac death are the result of ventricular arrhythmias,
which may be the first manifestation of cardiac disease.1

Chest pain, palpitations, dyspnea, and syncope are
common but non-specific prodromal symptoms associ-
ated with SCD.

About 400 000–460 000 people in the United States die
from SCD each year, accounting for over 60% of all cardiac
deaths.1 Despite the high age-adjusted incidence of SCD
(206.5 per 100 000 men, 140.7 per 100 000 women, and 3.0
per 100 000 children and young adults aged �34 years2), it
has been a difficult condition to study thus far. In this
chapter we review the etiologies of SCD, the tools used to
identify and stratify individuals at risk, and strategies for
risk reduction.

Etiologies of sudden cardiac death

Coronary artery disease

Because most cases of SCD (approximately 70%) occur
in individuals with at least moderate coronary artery
disease (CAD), it remains the most common risk factor for
this condition.2 Individuals with a history of myocardial
infarction (MI) have a 4- to 6-fold increased risk of SCD3

due in large part to postinfarction ventricular remodel-
ing.4 Among patients with left ventricular dysfunction or
heart failure, the risk of sudden death is highest (1.4% per
month) in the first 30 days after an MI.5 Coronary artery
disease is a less significant risk factor for SCD in young

patients, as only about one fourth of young SCD victims
have coronary artery disease.6

There are numerous conditions that increase an individ-
ual’s risk for CAD (Table 23.1).7 While many of these risk
factors are causally linked with CAD, other predisposing
and conditional factors are thought to play a role (Table
23.1). Identification of these risk factors is central to CAD
risk reduction and, thus, a reduction in the incidence of
SCD. The National Cholesterol Education Program Adult
Treatment Panel III (ATP III) recommends calculation of
the Framingham Risk Prediction Score to provide an esti-
mate of risk for developing an MI or coronary heart disease
(CHD) death over the course of 10 years.8 Importantly, this
score is utilized to determine the intensity of pharmaco-
logic risk-reduction therapies. The ATP III also recognizes
the impact of the metabolic syndrome on CAD risk,
defined by the presence of at least three of the following:
abdominal obesity (waist circumference �102 cm men,
�88 cm women), hypertriglyceridemia (triglycerides
�150 mg/dl), low high-density lipoprotein cholesterol
(HDL �40 mg/dl men, �50 mg/dl women), elevated blood
pressure (�130/85 mmHg), and elevated fasting glucose
(�110 mg/dl).

Heart failure and left ventricular hypertrophy

The risk of SCD is increased 6- to 9-fold in individuals with
congestive heart failure.3 Ischemic cardiomyopathy is the
most common cause of heart failure in developed coun-
tries; however, other cardiomyopathies may also cause
heart failure and an increase in the risk of SCD. Structural
and functional changes in the failing heart lead to action
potential prolongation, abnormal calcium handling, and
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aberrant conduction, which are thought to underlie the
increased risk of SCD.9 The degree of functional impair-
ment and left ventricular dysfunction are powerful predic-
tors of the risk of death from an arrhythmic cause.10–12

Genetics

Evidence supporting a genetic predisposition for SCD
comes from familial associations in population studies
and rare genetic disease paradigms. Longitudinal popula-
tion studies have demonstrated the importance of family
history in determining risk for SCD. On the basis of work
done in the Seattle13 and Paris14 population studies, the
relative risk of SCD in an offspring of a parent with a history
of SCD is more than 50% higher than the risk in an unaf-
fected family. Of note, in the Paris population study, the rel-
ative risk of SCD in offspring with a history of SCD in both
parents was 9 times that of the risk in an unaffected family.

Rare genetic disease paradigms also provide evidence
for a familial predisposition to life-threatening arrhyth-
mias. Many of these conditions result from mutations in
genes that code for channel proteins, non-ion conduction
proteins, structural proteins, and contractile proteins, as
well as from mutations that alter the interaction of these

proteins with regulatory proteins. Management options
for these syndromes generally include an implantable
cardioverter-defibrillator (ICD) for high-risk patients, and
exercise restriction (Table 23.2). In many of these syn-
dromes, �-blockers are also helpful (Table 23.2).

Long QT (LQT) syndrome is an inherited condition char-
acterized by prolonged ventricular repolarization and
episodic life-threatening arrhythmias. The autosomal
dominant Romano Ward syndrome and the autosomal
recessive Jervell and Lange–Nielsen syndromes were the
first phenotypes identified.15,16 It is now apparent that this
syndrome is genetically heterogeneous, as more than 10
genes for cardiac ion channel subunits17 and 1 gene for
ankyrin B18 (a structural protein) have been associated with
this condition. Because many carriers of genes associated
with long QT syndrome are asymptomatic, there is also
variable penetrance.19 Symptoms, when they do occur, are
variable and can occur during sleep (i.e., LQT3), along with
emotional stress (i.e., LQT2) and exercise (i.e., LQT1).20

The Brugada syndrome is an autosomal dominant
disease characterized by right bundle branch block, ST
segment elevation in leads V1 to V3, and ventricular tachy-
arrhythmias that may result in syncope or cardiac arrest.21

Although an early study suggested that there was an

450 C. Campbell et al.

Table 23.1. Risk factors for coronary artery disease

Causal Advancing age (�45 y men, �55 y women)

Cigarette smoking

Diabetes mellitus (fasting glucose �126 mg/dL; glucose �200 mg/dl post-glucose load)

Elevated blood pressure (�120/80 mmHg)

Elevated total (�200 mg/dL) and LDL (�130 mg/dL) cholesterol

Low serum HDL cholesterol (�40 mg/dL)

Predisposing Family history of premature coronary heart disease (first degree relative, �55 y men, �65 y women)

Overweight and obese states (BMI �25 kg/m2)

Abdominal obesity (waist circumference �102 cm M, �88 cm F)

Physical inactivity

Ethnic characteristics

Higher risk than whites:

African-Americans, South Asians

Lower risk than whites:

Hispanics, Asians/Pacific Islanders

Psychosocial factors (depression, phobias, chronic stressors)

Conditional Elevated triglycerides (�150 mg/dL)

High-sensitivity C-reactive protein (�2 mg/dL)

Small LDL particles

Other possible risk factors:

• Homocysteine

• Lipoprotein (a)

• Lipoprotein-associated phospholipase A2

B-type natriuretic peptide



increased mortality rate (�30% over 3 years) among those
not treated with an ICD,22 more recent data suggest that
asymptomatic patients have low mortality rates (0% over 3
years) and may not need an ICD.23 Unfortunately, the
pathogenesis of the Brugada syndrome is poorly under-
stood. In fewer than 25% of cases, there is a mutation in
SCN5A,24 a gene that codes for a sodium channel protein
associated with LQT3.

Catecholaminergic polymorphic ventricular tachycardia
(CPVT) is an inherited disease characterized by stress-
or exercise-induced ventricular arrhythmias and an
increased risk of sudden cardiac death.25,26 CPVT may be
inherited by an autosomal dominant or autosomal recessive
pattern. Genetic mutations in the ryanodine receptor gene
(RyR2),27,28 which encodes a cardiac sarcoplasmic reticulum
calcium channel, and the calsequestrin gene (CASQ2),29,30

which binds calcium and serves as a reservoir within the sar-
coplasmic reticulum, are associated with CPVT.

Arrhythmogenic right ventricular dysplasia (ARVD) is a
familial disease characterized by fatty-fibrous infiltrate of

the right (and less frequently left) ventricular myocardium.
The inheritance of ARVD is usually autosomal dominant,
with its highest incidence among individuals in the Veneto
region of northern Italy (12%–25% of SCD in young patients
is associated with ARVD in this area).31–33 Mutations in
desmoplakin (DSP),34 junctional plakoglobin (JUP),35 and
ryanodine receptor (RyR2)36 are associated with ARVD.
Desmoplakin and plakoglobin are key constituents of
desmosomes, with mechanical forces applied to these
cell–cell junctions activating calcium channels and calcium
release from the ryanodine receptor.34

Hypertrophic cardiomyopathy (HCM) is an autosomal
dominant genetic disorder characterized by idiopathic left
ventricular hypertrophy and marked heterogeneity. The
prevalence of HCM in young adults is about 2 per 1000.37

About 60% of patients have mutations in sarcomeric protein
genes, which function in cardiac muscle contraction and
structural stability.38 As most patients are asymptomatic,
diagnosis often results from family screening. Sudden
cardiac death in patients with HCM is usually due to
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Table 23.2. Genetic syndromes associated with sudden cardiac death

Syndrome Genetic mutations Function Impaired Management options

Long QT syndrome Potassium channel: Ion channel conduction • ICD

KCNQ1 (LQT1) • �-blockers

HERG (LQT2) • avoidance of medications that 

minK (LQT5) prolong QT interval

MiRP1 (LQT 6) • LQT1: avoidance of 

Sodium channel: competitive sports, 

SCN5A (LQT3) unsupervised swimming

Ankrin B: Anchoring of ion • LQT2: potassium 

ANKB (LQT4) channels to cellular supplementation; avoidance 

membrane of alarm clocks, loud 

telephones

• LQT3: mexiletene, pacemaker

Brugada syndrome SCN5A (sodium channel) Sodium channel conduction • ICD

Catecholaminergic RyR2 (ryanodine receptor) Calcium signaling • ICD

polymorphic ventricular CASQ2 (calsequestrin) • �-blockers

tachycardia (CPVT) • exercise restriction

Arrhythmogenic right RyR2 (ryanodine receptor) Calcium signaling • ICD 

ventricular dysplasia DSP (desmoplakin) • �-blockers (sotalol)

(ARVD) JUP (junctional plakoglobin) • exercise restriction

Hypertrophic Sarcomeric myofilament Muscle contraction, • ICD 

cardiomyopathy (HCM) proteins structural stability • �-blockers

• amiodarone

• verapamil

• septal ablation, myotomy, 

or myomectomy

• exercise restriction



ventricular arrrhythmias38, with an annual risk of 1% in
adults, compared with 2%–4% in children and adolescents.38

Medications

Further evidence for genetic predisposition to SCD comes
from the interaction of drugs with specific genes. Many
medications may prolong the QT interval and potentiate
torsade de pointes through blockade of the potassium
channel in cardiac myocytes.39 Although antiarrhythmics
are the most common offenders, many non-cardiac medi-
cations may also produce this effect (Table 23.3). Genetic
polymorphisms that increase the risk of drug-induced long
QT syndrome have also been identified.40–42 These include
polymorphisms in P450 metabolism pathways, which may
lengthen the time that an individual is exposed to a medi-
cation that may prolong the QT interval.41 This idea was
first recognized in the early 1970s, when it was noted that
certain families (which had a deficiency in the P450
cytokine, CYP2D6) were at higher risk of toxicity from war-
farin and anti-seizure medications.41

Tools for risk stratification

Patients with a history of CAD, myocardial infarction, heart
failure, or certain genetic syndromes should undergo some
form of stratification to assess their risk of SCD. This is par-
ticularly important for those individuals who are being
considered for an ICD.

Ejection fraction (EF) has been the primary SCD risk
stratification tool used for inclusion in clinical trials.43,44

For example, the Marburg Cardiomyopathy Study
(MACAS) found that left ventricular EF was the only signif-
icant predictor of arrhythmia in patients with idiopathic
dilated cardiomyopathy.45 Despite this, 81% of individuals
in the Maastricht prospective registry of cardiac arrest had
an EF �30% prior to the event.46

Other methods used in SCD risk stratification include
Holter monitoring, ECG analysis, and novel tools (Table
23.4).47 Early studies suggested that ambient ventricular
arrhythmias on 24-hour Holter monitoring were predictive
of SCD in heart failure patients.48 More recent studies,
however, suggest that ambient ventricular arrhythmias on
Holter monitoring are predictive of SCD in patients with
HCM49 but not in patients with heart failure.50 Holter moni-
toring also offers the ability to measure reduced heart rate
variability, which is associated with an increase in the risk
of SCD.51–55 Baroflex sensitivity, which measures the
response to phenylephrine, may also be useful, as decreased
sensitivity is associated with an increased risk of SCD.54

Finally, implantable loop recorders, which allow extended
and continuous ECG monitoring in the evaluation of unex-
plained syncope56 and detection of arrhythmias after
myocardial infarction,57 remain to be fully evaluated in
identifying individuals at risk for SCD.

Standard ECG analysis, which includes analysis of the ST
segment, QT interval, and QRS width and morphology, can
be useful in providing clues to structural heart disease and
genetic electrophysiologic syndromes. Using the standard
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Table 23.3. Medications that may lead to torsade de
pointes through QT prolongation.39

Cardiac medications Non-cardiac medications

Amiodarone Anti-infective

Bepridil Clarithromycin

Disopyramide Erythromycin

Dofetilide Foscarnet

Flecainide Gatifloxacin

Ibutilide Halofantrine

Indapamide Moxifloxacin

Isradipine Pentamidine

Moexipril/HCTZ Sparfloxacin

Nicardipine Anti-psychotic

Procainamide Chlorpromazine

Quinidine Haloperidol

Sotalol Mesoridazine

Pimozide

Quetiapine

Risperidone

Thioridazine

Ziprasidone

Anti-nausea

Dolasetron

Domperidone

Droperidol

Anti-convulsant

Felbamate

Fosphenytoin

Pain control

Levomethadyl

Methadone

GI stimulant

Cisapride

Asthma/COPD

Salmeterol

Anti-depressant

Venlafaxine

Acromegaly/Carcinoid diarrhea

Octreotide

Muscle relaxant

Tizanidine



ECG, QT-interval dispersion has been proposed as a useful
risk-stratifying tool. Although it measures the difference
between minimal and maximal QT intervals in various
ECG leads, it lacks accuracy and reliability.58–60

Usually, more information can be obtained with high-
resolution signal-averaged electrocardiography (SAECG),
by evaluating for T-wave alternans and late potentials.
T-wave alternans, the beat-to-beat alteration in T-wave
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Table 23.4. Tools for risk stratification

Risk measured Predictive power

Traditional tools

CAD risk factors Underlying disease risk Low positive predictive value to determine

SCD risk in a particular individual

NYHA functional class/ Structural disease High predictive power for sudden cardiac 

Echocardiography death and overall cardiac death

Ejection fraction

LVH

Holter monitoring

Ambient ventricular arrhythmias SCD triggers High predictive power in patients with 

hypertrophic cardiomyopathy; low 

predictive power in other patients unless 

combined with other factors

Heart rate variability/baroreflex Conditioning factors Predictive power unknown

sensitivity

Implantable loop recorders SCD triggers Predictive power unknown

ECG variables

Standard ECG Electrical abnormalities Low predictive power

QRS width

QT dispersion

Abnormalities suggestive of Electrical abnormalities High predictive power in identifying 

structural disease (e.g., LVH) certain diseases 

or genetic syndromes (e.g., 

long QT)

Novel tools

High-resolution ECG

T-wave alternans Electrical abnormalities High predictive power in high-risk 

patients, predictive power unknown for 

other patients

Late potentials Electrical abnormalities Predictive power highest in patients with 

ischemic cardiomyopathy. Low positive 

predictive value, high negative predictive 

value

EP testing: Inducibility of Arrhythmogenic substrate Good positive predictive value in patients 

ventricular tachyarrhythmia with ischemic cardiomyopathy; high rate 

of false negatives in high-risk patients

Imaging: MRI, MRS, MDCT Scar tissue, coronary plaque Predictive power unknown

Genotyping Genetic predisposition High predictive power for certain genetic 

syndromes; predictive power unknown for

other patients

Abbreviations: CAD, Coronary artery disease; NYHA, New York Heart Association; LVH, left ventricular hypertrophy; ECG,

electrocardiogram; EP, electrophysiologic; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; MDCT, multi-

detector computed tomography.
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Table 23.5. ABCs of cardiovascular disease risk management

A Antiplatelet agents

Aspirin • 75–325 mg daily in high-risk patients81

• Controversial for low-risk patients: reduction in CVD risk seen in men,82

but not in women83

Clopidogrel • High-risk patients resistant or intolerant to aspirin84

• In addition to aspirin for at least 9–12 months following an acute 

coronary syndrome, particularly after percutaneous coronary intervention85–87

Anticoagulant • Post-MI patients intolerant to aspirin88

therapy: Warfarin • Patients with left ventricular thrombus and/or atrial fibrillation

Angiotensin- • Patients with recent MI, heart failure, and/or left ventricular systolic

converting enzyme dysfunction89–91

inhibitors (ACEIs) • Patients with diabetes mellitus and/or CVD if systolic blood pressure is �120

mmHg92–94

Angiotensin • Patients with heart failure, diabetic nephropathy, or hypertension95

receptor blockers • In patients with heart failure, primary therapy only in patients intolerant to

(ARBs) ACEIs96

Antianginals • For patients with anginal symptoms: antianginals enable these patients to

exercise 

B Blood pressure control • Initiate blood pressure treatment in low-risk patients if blood pressure

�140/90 mmHg.97

• Initiate blood pressure treatment in patients with diabetes or chronic

kidney disease if blood pressure �130/80 mmHg.97

• First-line therapy: ACEIs, beta-blockers, thiazide diuretics

• Second-line therapy: aldosterone antagonists, ARBs, calcium channel

blockers

�-Blockers • Post-MI patients98

• Heart failure patients99

• Blood pressure control for CVD patients97

C Cholesterol • Statins, ezetimibe, fibrates, nicotinic acid

management • LDL-C goal �100 mg/dL for high-risk patients, �130 mg/dL for 

intermediate-risk patients, �160 mg/dL for low-risk patients.100

• Lowering LDL even further may reduce risk of CVD.101–103

• Non-HDL-C goal is 30 mg/dL higher than LDL-C goal. Non-HDL-C 

goal �130 mg/dL for high-risk patients, �160 mg/dL for intermediate-risk 

patients, �190 mg/dL for low-risk patients. After LDL-C goal met, consider

intensifying therapy with LDL-C lowering drug or adding nicotinic acid

or fibrate to reach LDL-C goal.100

Cigarette smoking • Counseling

cessation • Treatment with buproprion with or without nicotine patch more successful

than placebo or nicotine patch alone.104

D Diet and weight • �500 kcal/d caloric reduction

management • Patients with cardiovascular disease should be encouraged to follow a diet

containing whole grains, vegetables, fruits, omega-3 fatty acids and nuts

and low in refined grains, cholesterol and saturated fat.105

Diabetes mellitus • Patients with impaired fasting glucose (110–124 mg/dL) or impaired glucose

tolerance (140–199 mg/dL) should be treated aggressively with lifestyle 

counseling and/or metformin to prevent diabetes.106,107

• Goal hemoglobin A1c �7%, lowest risk when hemoglobin A1c �6%108



amplitude, has been found to increase the risk of life-
threatening arrhythmia in high-risk patients.61–63 Late
potentials or low-amplitude high-frequency potentials at
the end of the QRS complex indicate delayed ventricular
activation and have high negative predictive values. The
value of late potentials appears to be highest in patients
with ischemic cardiomyopathy.64,65

Electrophysiologic testing is used for risk stratification
because it can assess the inducibility of ventricular tachy-
arrhythmias. While electrophysiologic testing is most
useful in patients with an ischemic cardiomyopathy,66,67 it
is largely limited by a high false negative rate, particularly
in high-risk patients.68,69 In the Multicenter Unsustained
Tachycardia Trial (MUSTT), the rate of cardiac arrest was
highest in patients with an EF �30% and an inducible
tachyarrhythmia. Patients with an EF �30% in whom
tachyarrhythmia was not inducible had rates of cardiac
arrest similar to those of patients with ejection fraction
�30% and in whom tachyarrhythmia could be induced.70

Significant effort is being focused on novel methods to
risk-stratify patients at risk for SCD. Methods include
imaging techniques, such as magnetic resonance imaging
and spectroscopy (MRI/MRS) and multi-detector com-
puted tomography (MDCT). Genetic and proteomic bio-
markers are also being evaluated, helped by the ability now
to do large-scale unbiased screens of proteomic expression
and genomic information. For example, the Oregon
Sudden Unexpected Death Study71 is collecting risk factor
and genetic information for all sudden deaths in the
Portland area over a 3-year period. In addition, the Johns
Hopkins Donald W. Reynolds Project is utilizing novel
technologies, such as whole genome association to iden-
tify the genetic determinants of SCD in groups such as the
Oregon SUDS and patients with ICDs.

Strategies in the prevention of SCD

Only 1% to 5% of patients with out-of-hospital cardiac
arrest survive.72 Although widespread availability of auto-
matic external defibrillators may increase survival rates,73

the low survival rate from cardiac arrest requires a preven-
tive focus.

Prevention of coronary artery disease

As patients with CAD are at high risk for SCD, it is imperative
that efforts be undertaken to protect against the develop-
ment of CAD through primary and secondary prevention.
Recommended therapies for prevention of CAD are under-
utilized, with irregular practice patterns.74–78 Furthermore,
the trend towards earlier discharge after myocardial infarc-
tion has restricted the opportunity for counseling about
modifications of lifestyle such as smoking cessation, diet,
and exercise.79

A straightforward “ABC” approach to cardiovascular risk
reduction may help to narrow the treatment gap in preven-
tion of cardiovascular disease (Table 23.5).80 This approach
provides a checklist to encourage provider adherence to re-
commended practices. A simplified version of the approach
facilitates patient–physician communication about the
risk-reducing strategy. For patients at high risk of CHD
events (�20% 10-year risk), aggressive risk-reduction thera-
pies should be instituted. For patients at intermediate
(10%–20% 10-year risk) or low risk (�10% 10-year risk) of
CHD events, less aggressive risk-reduction therapies should
be instituted. In addition to managing overall cardiovas-
cular disease risk, lifestyle modifications, medications, and
implantable devices can further reduce the risk of sudden
cardiac death.
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Table 23.5. (continued)

E Exercise • Aerobic, weight training

• Exercise beneficial for primary109 and secondary110 prevention of CVD.

• Cardiac rehabilitation programs should be considered for patients with

left ventricular systolic dysfunction, recent coronary artery bypass surgery,

recent MI, and/or chronic stable angina pectoris.111

Ejection fraction • ACEI and �-blocker for all patients with heart failure.99

• Aldosterone inhibitors (spironolactone,112 eplerenone113) indicated in

post-MI patients with severe heart failure.

• Digitalis can be used to treat symptoms of heart failure.99

• Implantable cardioverter-defibrillator for high-risk patients114,115



Lifestyle

Smoking is a major CAD risk factor and thus also increases
risk for SCD. Smoking cessation should be encouraged in
all patients, but particularly in those with CAD. It is also
apparent that other lifestyle factors such as circadian vari-
ation, anxiety, exercise, and diet influence the risk of SCD.
Indeed, SCD risk is increased in the morning71 and in indi-
viduals with phobic anxiety.116,117 In patients with certain
genetic syndromes that increase SCD risk, exercise is gen-
erally discouraged as it may further increase risk of SCD
(Table 23.2). In nearly all other patients, regular exercise
should be encouraged, with participation in cardiac reha-
bilitation for those at highest risk.111

Regular exercise decreases the overall risk of SCD and
CHD, but the relative risk of SCD during and shortly after
vigorous exertion is greatly increased relative to other
times.118,119 Habitual exercise likely decreases SCD risk by
increasing electrical stability through increased basal vagal
tone and decreasing risk of plaque rupture through its ben-
eficial effects on lipids and its tendency to decrease the
hemodynamic stress experienced at a given workload.119

The “exercise paradox” likely reflects the increased sympa-
thetic tone of vigorous exertion that increases the risk of
ventricular fibrillation and plaque rupture.119

Various dietary measures influence the risk of SCD
(Table 23.5).105 Fish consumption and increased levels of
the omega-3 polyunsaturated fatty acids (PUFA) found in
fish are associated with a reduced risk of SCD, likely
because of membrane-stabilizing effects.120–123 Because
alpha-linolenic acid (ALA), an omega-3 fatty acid found in
fatty fish and the precursor of eicosapentanoic acid (EPA)
and docosahexanoic acid (DHA), is associated with a
reduced risk of SCD124–126, the American Heart Association
recommends regular consumption of fatty fish and other
sources of ALA.127,128 Fish oil capsules can be taken in lieu
of fish consumption and may be a useful adjunct because
of harm associated with increased mercury levels in
fish.129

Potassium and magnesium intake and levels should be
monitored in patients who are high risk, on diuretics, or are
malnourished, because their deficiencies can increase the
risk of SCD.130 In addition, heavy drinking should be dis-
couraged, as heavy alcohol consumption (�5 drinks per
day) and, in particular, binge drinking is associated with an
increased risk of CHD and SCD.131,132 This likely results
from alcohol’s predilection to cause thrombosis and
myocardial scarring and through a reduction in the thresh-
old for ventricular arrhythmias.133

Medications

Angiotensin converting enzyme inhibitors (ACEIs),
�-blockers, and lipid-lowering agents are staples of sec-
ondary prevention of CAD and thus SCD. In contrast, nearly
all studies have shown a lack of benefit or an increase in
mortality with the use of antiarrhythmic medications. The
Cardiac Arrhythmia Suppression Trial (CAST) and the sur-
vival with d-sotalol (SWORD) trial are clear examples of
antiarrhythmic failures. CAST evaluated the efficacy of
three class I antiarrhythmic drugs (encainide, flecainide,
and moricizine). CAST I was stopped early when encainide
and flecainide were found to increase risk of sudden cardiac
death relative to placebo.134 CAST II evaluated moricizine
versus placebo and was also stopped early because of a
trend toward mortality in the moricizine group.135 The
SWORD trial evaluated the efficacy of the class II agent d-
sotalol versus placebo in patients with ischemic cardiomy-
opathy.136 The trial was stopped early because of increased
mortality in the d-sotalol group. The paradoxical proar-
rhythmic tendencies of antiarrhythmic medications likely
underlie their increased risk of SCD. Of all of the anti-
arrhythmic medications, only �-blockers and possibly
amiodarone (in conjunction with a �-blocker) have shown
any promise in reducing risk of SCD.137,138 �-Blockers are
also indicated for many genetic syndromes that predispose
to SCD (Table 23.2). Because of the limitations of antiar-
rhythmics, much of the focus of SCD prevention has shifted
to non-pharmacologic therapies.

Device-based therapy

Initial non-pharmacologic therapy involved surgical exci-
sion of scar tissue or intraoperative mapping of regions
where ventricular tachycardia could be induced.139,140

Since the development of ICDs, however, interest in these
procedures has diminished considerably. ICDs reliably
convert ventricular arrhythmias to sinus rhythm and
substantially reduce mortality in patients at high risk
for SCD. The initial trials, Antiarrhythmics vs. Implantable
Defibrillators (AVID),141 Canadian Implantable Defibril-
lator Study (CIDS),142 and Cardiac Arrest Study Hamburg
(CASH),143 demonstrated the efficacy of ICDs in survivors
of life-threatening arrhythmias. More recent trials have
demonstrated efficacy in a broader group of patients.

The Multicenter Automatic Defibrillator Implantation
Trial (MADIT) II included post-MI patients with EF�30%
and demonstrated that ICDs reduce mortality by
more than 30% when compared to “conventional
medical therapy” (lipid-lowering medications, diuretics,
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beta-blockers, ACEIs).43 Sudden Cardiac Death in Heart
Failure Trial (SCD-HeFT) demonstrated a mortality benefit
with ICDs of 23% in patients with New York Heart
Association (NYHA) class II or III CHF and an ejection frac-
tion less than 35%.44 Of note, the Defibrillator in Acute
Myocardial Infarction Trial (DINAMIT) found no mortality
benefit with ICD implantation 6 to 40 days after MI in
patients with EF less than 35%,144 despite the high risk for
sudden death in these patients.5 Moreover, high-risk
patients with genetic predisposition to sudden cardiac
death may not be adequately managed with medication and
may benefit from an ICD (Table 23.2). The broad categories
of patients who may benefit from an ICD and the expense of
the devices make risk stratification important. Furthermore,
defibrillation is stressful, and many shocks may be inappro-
priate. Cardiac resynchronization may be less stressful for
the patient, and recent trials have demonstrated the benefit
of cardiac resynchronization in patients with heart failure
and cardiac dyssynchrony.114,115

Future investigation

Because of the potential for cell-based therapy to allow for
generation of new, functional myocardium, there is hope
that this treatment may be useful in those at risk for SCD in
years to come. At present, concurrent implantation of ICDs
is mandatory as these cells may potentiate arrhythmo-
genicity by virtue of their limited ability to transmit current.

Conclusions

Sudden cardiac death is a frequent cause of death. CAD,
heart failure, and genetic syndromes are the major risk
factors for SCD. Assessing risk in these patients is crucial,
given the cost implications of both pharmacologic thera-
pies and ICDs. Treatment options include management of
cardiovascular disease and heart failure, lifestyle modifica-
tions, and, in high-risk patients, implantable devices.
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Introduction

Intuitively, the order in which therapies are applied seems
likely to be important for the treatment of many conditions.
In the emerging field of cardiac resuscitation such ordering
was initially established on the basis of empiricism and on
interpretation of animal experiments. In this chapter, a
reexamination of two long accepted therapies addresses
the possibility that changes might be considered for the
sequence of actions in carrying out basic CPR and in the
delivery of precordial shocks for ventricular fibrillation.

The worldwide acceptance of the ABC sequence (airway,
breathing, circulation) for CPR is impressive. Similarly the
emphasis on rapid defibrillation would seem to be logical
and has borne the test of time. On the other hand, there is
scant evidence for the strict adherence to treatment guide-
lines in terms of what comes first.

An important reason for reexamining the sequence of
steps is that the ground rules have changed over the course
of some 40 plus years. CPR was initially developed for use by
physicians, nurses, and specially qualified emergency rescue
workers.1 However, resuscitation is now commonly initiated
outside the hospital, often by persons with minimal—or
even no—formal training in the application of CPR. Notably,
the widespread use of automated defibrillators (AEDs) has
provided opportunities for new approaches. And clearly, the
call for evidence-based medicine is increasingly heard.

The ABC sequence for basic CPR

Prior to 1960, attempts to alter the outcome of cardiac
arrest entailed thoracotomy, direct cardiac compression,

and internal defibrillation. Whereas open-chest resus-
citation could be effective in controlled environments,2

survivors of such an approach were uncommon. The
inventions of effective external techniques to provide cir-
culation, defibrillation, and rescue breathing markedly
extended the possibilities for reversing cardiac arrest.3

The initial steps in cardiac resuscitation were designated
ABC shortly after their introduction. That acronym is note-
worthy for its simplicity and ease of recall. But why ABC,
and not CAB or ACB? The reasoning behind that choice is
not clear but might well have been influenced by the pos-
sibility of encountering primary ventilatory failure or sub-
mersion injury.

Reasons to modify the ABC sequence

For the well-trained healthcare provider, there is probably
little reason to modify the ABC sequence for initiating CPR.
Thirty years of precedence suggest that immediate change
is not mandatory and would likely not be met with enthu-
siasm. Nonetheless, in considering instruction for the
general public, there is at least a practical basis for reex-
amining alternatives to ABC.

An important reason to replace the current ABC sequence
in favor of CAB (or ACB) is to emphasize what is most often
the principal goal of CPR: to restore tissue oxygenation as
rapidly as possible. The vast majority of adults found in
cardiac arrest do not have primary respiratory failure as the
mechanism leading to collapse. Thus for most patients with
cardiac arrest, efforts to afford oxygenation without circula-
tion can be considered a waste of valuable moments.
Furthermore, the difficulties in training persons to perform
mouth-to-mouth ventilation correctly are considerable4
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and contrast with the relative simplicity of teaching and per-
forming sternal chest compression.5 Finally, at times there
may be reluctance to initiate CPR because of perceived
hygienic concerns about mouth-to-mouth ventilation.6,7

On the other hand, a case for the status quo, i.e., retain-
ing ABC, can be made, particularly in treating infants and
some children who are pulseless and unconscious because
of primary respiratory failure. Similarly, adults with poi-
soning or primary ventilatory impairment may be more
effectively managed with the ABC sequence.

An exception to the ABC sequence for the lay public was
established in the Netherlands in the mid 1980s. CAB was
chosen over ABC because of the possible advantage of cir-
culating blood already oxygenated prior to sudden cardiac
arrest.8 It is noteworthy that the CAB sequence for lay
public instruction in the Netherlands was recently aban-
doned in favor of ABC. As far as can be determined, that
change was effected largely in an effort to achieve interna-
tional conformity rather than demonstration of efficacy.9

Chest compressions alone

It has been suggested that the provision of chest compres-
sions alone (without ventilation) during the initial minutes
of resuscitation may be more efficacious than the ABC
sequence, because interruptions of chest compression
typically lead to reduced coronary perfusion pressure.10

The value of chest compression alone has been demon-
strated in animal models of cardiac arrest,11,12 but its role in
humans awaits clarification. The production of pulmonary
gas exchange with chest compressions has also been
demonstrated in experimental animals.12

It is relevant to note that EMS dispatchers, when giving
transtelephonic instructions, were able to provide instruc-
tion more quickly and efficiently when offering instructions
for chest compression only, compared to ABC instruc-
tions. Importantly, survival of patients in the former group
tended to be greater than for those with ABC instruction
(14.6% vs. 10.4%).13

Staged training for basic life support

Assar and colleagues in the UK have proposed an innova-
tive, phased instructional approach for the training of the
general public. Using the bronze, silver, and gold medal
designations for the Olympic Games, three instructional
programs have been proposed.14 The bronze level offers
instruction in chest compression and opening of the airway
(without active ventilation). Silver adds on ventilation at a
ratio of 50:5. The gold designation is for the full-course ABC
sequence. This remarkably sensible approach was designed

to encourage training of the public in the essentials of chest
compression, at the same time making available instruc-
tion in the full ABCs whenever practical and desired. Such
instructional innovation holds promise for enhancing the
participation of the general public, thereby facilitating the
primary goal of early intervention for sudden cardiac
arrest.15

A solution

Whereas the CAB sequence seems to afford theoretical
advantage over ABC, there is a likely downside, mainly a
reluctance to change without evidence for efficacy.
Furthermore, it appears unlikely that robust clinical evi-
dence will soon be forthcoming. On the other hand, the
goal of encouraging bystander intervention could be fur-
thered quite simply by implementing the bronze, silver,
gold format for training of the public. Ideally most of the
public should be equipped and ready to carry out the ABC
sequence; unfortunately that expectation has not been
realized over the past 25 years.16 If one considers the ease
of teaching and the simplicity of application, widespread
knowledge about the use of chest compression, with or
without ventilation, appears to offer an opportunity for
more of the general public to be prepared and willing to
initiate resuscitative measures while awaiting arrival of
EMS personnel. That approach to training of the public
offers the potential advantage of making chest compres-
sions nearly uniformly available because of the relative
ease of training. Although the early implementation of
training for the bronze stage was conducted over a course
of 2 hours,15 it is likely that the duration could be substan-
tially reduced. Community-wide studies of staged training
programs are highly desirable.

CPR before defibrillation?

For many years CPR guidelines have advocated the need
for quick delivery of shocks for all patients discovered to be
in cardiac arrest with ventricular fibrillation (or pulseless
ventricular tachycardia).17,18 A widely accepted judgment
by many EMS experts was to “zap first.”

Two observations, however, led some to question the
wisdom of always shocking first:
1. Experiments in animals with induced VF showed that

after several minutes of ventricular fibrillation, survival
was significantly improved when shocks were deliv-
ered after a brief period of CPR (plus administration of
epinephrine), compared to attempts at immediate
defibrillation.19,20
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2. In patients with out-of-hospital VF, survival was not
improved when first responder AEDs were incorpor-
ated into mature tiered EMS systems. Contrary to
expectations, exchanging immediate shock for CPR by
first responders has not served to improve survival.21,22

An additional consideration in questioning the wisdom
of always directing primary attention to defibrillation was
the simple observation that, for many patients found in
cardiac arrest, VF is not the first identified rhythm; most
patients found in cardiac arrest by EMS responders do
not have VF when first examined.23 In cases with pulse-
less electric activity or asystole the emphasis on applica-
tion of an AED would appear to be counterproductive by
delaying the institution of potentially useful therapy,
i.e., CPR.

Notably, a policy of shocking all VF patients as soon as
possible was actually a departure from the then accepted
procedure of providing CPR prior to shock in order to
coarsen VF and facilitate its conversion (unless a defibrilla-
tor was immediately available on the scene).

If countershock and spontaneous pulse do not occur within 60

seconds of collapse, CPR must be started . . . In unwitnessed arrest

CPR Steps A-B-C are needed for about 2 minutes ( to reoxygenate the

myocardium) before an attempt to defibrillate has a chance to

succeed. From Safar, P. and Bircher, N.G.24

In retrospect one might question the basis for modifying
practice guidelines so as to shock first whenever VF was
present. The development and widespread availability of
AEDs was undoubtedly the principal stimulus for change.
It is also likely that other considerations included the
recognition that untreated VF is virtually always fatal, and
it seemed to follow that the sooner it was removed, the
greater the likelihood of survival. And indeed a number of
studies had shown that survival was improved with more
rapid response of defibrillator-equipped EMS vehicles.25,26

Additionally, years of experience in hospital coronary care
units convincingly demonstrated that recent onset VF in
monitored patients was readily managed with the prompt
delivery of shocks without need for CPR.27 Whatever the
explanation, most EMS systems adopted, as a number one
priority, the deployment of AEDs as quickly as possible for
virtually all patients found in cardiac arrest.

Clinical studies

The dictum to rely on the initial use of defibrillator shocks
rather than CPR was challenged by the Seattle Medic One
EMS providers.21 In 1994 that group, prompted by the dis-
appointing results after implementing the quick applica-
tion of AEDs, modified their treatment protocol to provide

1.5 minutes of CPR by first responders prior to use of an
AED. The Seattle experience was population-based and
utilized a control period immediately before the change in
treatment protocol.21 A randomized trial comparing 3.0
minutes of CPR to immediate defibrillation was conducted
in Oslo, Norway,28 and another randomized trial of 1.5
minutes of CPR was recently performed in Perth,
Australia.29 The Seattle study, the largest to date, but
limited by the use of historical controls, showed an overall
survival benefit with a CPR-first strategy, restricted entirely
to patients with initial response intervals 4 minutes or
greater (Fig. 24.1). A qualitatively similar finding was
observed in Oslo but without statistically significant
benefit overall – only in those with longer initial response
intervals (Fig. 24.2). In the Perth study there was no differ-
ence in survival rates between the two groups, but
response intervals were prolonged to 9 minutes on
average, and survival rates were considerably lower than in
the other studies. The findings from these three reports are
summarized in Table 24.1 below.

Limitations of the clinical studies

The Seattle experience,21 although population-based, was
less robust than a randomized clinical trial, and there is a
possibility that the observed benefit could have been due
to spontaneous variation in survival rates or that there
were other unapparent reasons for increased survival rate.
Nonetheless, the a priori hypothesis that improvement
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would occur mainly in cases with longer response intervals
proved to be the case.

The Oslo study28 was likely underpowered in the
number of patients, and the overall benefit of initial CPR
did not achieve the generally accepted degree of signifi-
cance. As in the Seattle study, however, survival benefit
was demonstrated in those with longer initial response
intervals.

The randomized trial in Perth29 failed to show any
benefit with the introduction of 1.5 minutes of CPR prior to
shock. In that study, initial response intervals were lengthy,
pharmacologic measures were not used, and tracheal intu-
bation was infrequently employed. The low survival rates
in that study raise the possibility that interventions done
within those limitations might not be able to improve out-
comes.

Thus, each of the three studies cited in Table 24.1 has
limitations, and the advisability of extensive and immedi-
ate change is not certain. In two of the three reports,
however, the findings are consistent with experimental
studies in animals.

Three phases of resuscitation

Weisfeldt and Becker have developed an interesting con-
ceptual framework relating to the treatment of VF; they

proposed three phases with markedly differing therapeutic
implications.30

1. An electrical phase persisting for a few minutes after
onset of VF. The implication here is one of directing
immediate attention to the management of the
arrhythmia, i.e., prompt delivery of one or more
shocks, without incurring delays for CPR or phar-
macologic intervention. A relevant clinical scenario
describes a patient who is observed to develop unex-
pected cardiac arrest and can be shocked for VF within
2 or 3 minutes. Prompt defibrillation in this situation
has a high likelihood for successful resuscitation. The
duration of the electrical phase may be only about
4 minutes.

2. A proposed circulatory phase immediately follows the
electrical phase. During the circulatory phase the
myocardium has become depleted of energy-rich
substrates; tissue acidosis has developed; and cellu-
lar dysfunction is operative. In this phase, defibril-
lation attempts without attention to the state of
the myocardium are much less effective than in the
earlier period, and a shock is likely to result in asys-
tole or to establishment of an organized cardiac rhythm
without myocardial contraction. It is during the circula-
tory phase that oxygen delivery as well as removal of
metabolic byproducts by CPR-generated blood flow
prior to shock is likely to be of utility. Of note, most
victims of out-of-hospital cardiac arrest, when first
encountered by EMS, can be considered to be in the cir-
culatory phase. The circulatory phase is estimated to
persist for about 10 minutes if VF is not treated.

3. A metabolic phase is said to have developed after about
10 minutes of untreated cardiac arrest. In this stage,
standard therapies become progressively ineffective,
and survival rates are poor. The biochemical alterations
leading to this state are not clearly defined, but are pos-
tulated to represent factors beyond those immediately
due to ischemia or tissue reperfusion. Postresuscitation
cooling has been shown to afford benefit;31,32 other
approaches are undergoing study.33

Estimating the duration of untreated VF

If the principles described above are accepted, including
the position that in some patients it is advisable to provide
CPR prior to delivery of shocks, how does one determine
the appropriate intervention for the initial management of
VF? A tentative estimate of “down time,” based on the avail-
able clinical history, can sometimes be made on arrival at
the scene of cardiac arrest, although the accuracy of that
information is often unreliable. Additionally, if bystander
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Fig. 24.2. Oslo study. Estimated probability of survival to hospital

discharge plotted against response time. Average fraction of

surviving patients for each 2-minute interval. Lines indicate

logistic regression models with time as independent variable

fitted separately for each of the two groups. (Reproduced with

permission from author and publisher.28)
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CPR has been initiated, the qualitative aspects of that are
usually not known. Thus, unfortunately, the arriving team
has to rely to a certain extent on guesswork to untangle the
situation.

Another approach is to examine the VF waveform,
which declines in amplitude and frequency over the
course of several minutes. To this end, several analytic
approaches have been suggested as being helpful. These
include measurements of signal amplitude34,35 waveform
frequency/spectral analyses,35,36 application of chaos
theory,37 and combinations thereof. Such probes have an
appeal in that they can be automated and the information
transmitted to the EMS personnel, but the clinical utility
of these measurements has yet to be established. The
influence of time and of CPR on the VF waveform is shown
in Fig. 24.3.

Summary

The ABC sequence for basic life support has withstood a
test of time for health care professionals. On the other
hand, a change in emphasis for the general public deserves
consideration. The training requirements for mouth-to-
mouth ventilation and the difficulty in its correct perfor-
mance stand in sharp contrast to the relative ease in
teaching and performing chest compressions. Further-
more, the provision of chest compressions appears to be
the most vital element in the initial management of cardiac
arrest Accordingly the use of staged training for the general
public14 (e.g., bronze, silver, gold) warrants further testing
and application.

CPR prior to defibrillation is an attractive, but not fully
evaluated, option in patients attended several minutes
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Table 24.1. Summary of three clinical studies: patients with VF on arrival of EMS

Seattle21 Oslo28 Perth29

Population-based, Randomized Randomized

Design historical controls clinical trial clinical trial

No. patients

CPR First 478 104 119

Shock ASAP 639 96 137

Overall survival to hosp.

Discharge

CPR First 30% 22% 4.2%

Shock ASAP 24% 15% 5.1%

Avg. first response

Interval (min) 6.5c

CPR First 3.6a 9.3b

Shock ASAP 3.7a 9.0b

Bystander witnessed (%)

CPR First 71% 91% 74%

Shock ASAP 73% 94% 80%

Bystander- initiated CPR (0.40) (0.13)

CPR First 58% 62% 54%

Shock ASAP 58% 56% 64%

Survival with longer response intervals

Delay specified � 4 mina �5 mina � 5 minb

Survival to hosp. discharge

CPR first 27% (60/220) 22% (14/64) 4% (4/113))

Shock ASAP 17% (56/321) 4% (2/55) 5% (5/101))

Survival with shorter response intervals

Response interval � 4 min � 5 min � 5 min

CPR First 32% (82/258) 23% (9/40) 12% (3/24)

Shock ASAP 31% (99/318) 29% (12/41) 0% (0/18)

a Measured from dispatch time.
b Measured from time call received.
c 6.5 min for all subjects (L. Wik, pers.commun., 9 October, 2005).

ASAP�as soon as possible.


 p � 0.04



 p � 0.20



 p � 0.01



 p � 0.01



 p � 0.74



 p � 0.81




after collapse. There are unanswered questions about
when “several minutes” starts and how long CPR should
continue before rhythm analysis and shock. The wide-
spread acceptance of CPR prior to shock will require modi-
fications in regard to the complete acceptance of the Chain
of Survival as now promulgated, yet evidence to date does
not support the practice of immediately shocking patients
who are no longer in the electrical phase of ventricular fib-
rillation.22,23,30,38
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Introduction and history of defibrillation

The passage of electrical current through the myocardium
to terminate ventricular fibrillation (VF) or ventricular
tachycardia is the definitive treatment and single most
important factor in surviving cardiac arrest due to VF. This
chapter will review the history and theory of defibrillation,
current techniques, and future developments of this
critically important therapy.

In 1775, the Danish veterinarian–physician Abildgaard
demonstrated that chickens could be stunned and revived
by electrical shocks administered to the head and to the
heart.1 Prevost and Batelli in 1899 showed that ventricular
fibrillation in dogs could be terminated by electric shocks.2

In the twentieth century, the Consolidated Edison Company
of New York became concerned about the high rate of acci-
dental electrocutions among maintenance workers, and
funded research on the cardiac consequences of electrical
shocks. Supported by this source, Hooker et al. published
important studies on defibrillation in animals.3 The first
human defibrillation was performed in 1947 by Beck who
administered shocks directly to the exposed epicardium in
an operating room.4 The first closed-chest human defibril-
lation was achieved by Zoll et al. in 1956.5 Although alter-
nating current was used originally, direct current quickly
supplanted alternating current;6 postshock atrial arrhyth-
mias were found to be reduced by use of direct current.

An important consequence of the early canine studies of
defibrillation was the observation that arterial pressure
rose when electrodes were pressed against the animal
chest. This recognition of the role of chest compression
in blood circulation and arterial pressure maintenance
ultimately resulted in the development of closed-chest

massage by Kouwenhoven et al.7 It is appropriate that the
development of contemporary defibrillation techniques
should have also resulted in the development of cardiopul-
monary resuscitation (CPR), since these two techniques
remain cornerstones of cardiac arrest therapy.

Basic science

Theory of defibrillation

Although defibrillation has been an effective cardiac tool
for the termination of cardiac arrhythmias for over 45 years,
the exact mechanism of defibrillation remains uncertain
and controversial. For many years it was believed that a crit-
ical mass of myocardium was depolarized by the electrical
current traversing the heart; those muscle cells that were
not depolarized were thought to be inadequate to sustain
the arrhythmia.8 This hypothesis is supported by the diffi-
culty of initiating and sustaining ventricular fibrillation in
the hearts of small animals (e.g., rabbits). More recently,
Ideker’s group9 has introduced the “upper limit of vulnera-
bility” hypothesis. This hypothesis suggests that the most
important factor in defibrillation is achieving a critical
current density throughout the ventricular myocardium; if
current density is inadequate, fibrillation may be tran-
siently terminated but then reinitiated. Jones10 has argued
that to achieve defibrillation, shocks must extensively
prolong refractoriness so that fibrillation wave fronts are
not propagated and VF terminates. Neither Ideker’s nor
Jones’ hypotheses necessarily repudiate the critical mass
theory, since a critical mass effect may be important for
their mechanisms also.
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The metabolic and biochemical environment in which
defibrillation occurs is important. Myocardial levels of the
so-called “high-energy phosphates” – adenosine triphos-
phate (ATP), adenosine diphosphate, adenosine mono-
phosphate, and creatine phosphate–appear crucial.11

These high-energy phosphates are essential for normal
regulation of cell volume and maintenance of the normal
ionic gradients via the Na�/K� and Ca2�/ATPase pumps.
When ventricular fibrillation occurs, myocardial per-
fusion ceases, myocytes become oxygen-deficient and are
unable to continue normal aerobic metabolism, and con-
tractile function stops.12 Mitochondrial oxidative phos-
phorylation is inhibited, with uncoupling of high-energy
phosphate production and utilization. The levels of the
high-energy phosphates decline progressively as tissue
lactate and hydrogen ion levels increase. Conversely, after
the restoration of circulation, the regeneration of these
compounds indicates a return to normal cellular activity
and viability.

The depletion of myocardial high-energy phosphates
correlates with the onset of myocardial cell injury.
Ischemic myocardial contraction develops and ultrastruc-
tural studies show progressive evidence of injury such as
disruption of the sarcolemma. ATP levels below 10% of
normal strongly suggest irreversible myocardial injury.13,14

Smaller degrees of depletion, such as may occur in the
postischemic phase, are associated with myocardial dys-
function or stunning.

During ventricular fibrillation, the decline of ATP levels
with time correlates closely with the success of attempted
defibrillation. The levels may also predict poor contractile
function and hemodynamic status following defibrillation
of VF to a potentially perfusing electrocardiographic
rhythm.15,16

The timing of defibrillation before or, if necessary, after a
period of CPR has been debated. Although current guide-
lines advocate defibrillation as soon as possible, it has been
suggested that a period of CPR before defibrillation may
achieve better survival. This was first proposed by Cobb in
1999 who reported that the routine provision of approxi-
mately 90 seconds of CPR before use of AED was associated
with increased survival when response intervals were 4
minutes or longer.17 More recently, Wik has studied this
in greater detail, reporting that CPR before defibrillation
did not improve outcome for patients with ambulance
response times shorter than 5 minutes, but for patients
with ambulance response times longer than 5 minutes,
better outcomes were achieved with 3 minutes of CPR
before defibrillation.18,19 It is known that cellular function-
ing and in particular active transmembrane ion channel
functioning deteriorates rapidly during cardiac arrest. With

depletion of high energy ATP reserves, successful defibrilla-
tion requires rapidly increasing energy levels. The results of
these studies suggest that a period of external chest com-
pression may improve cellular functioning to enable defib-
rillation to achieve a perfusing rhythm. External chest
compression may also reverse distention of both ventricles,
particularly the right, which occurs within the first few
minutes of VF and subsequently impairs biventricular
function after defibrillation.20

The ability to defibrillate and subsequent survival corre-
late with the “coarseness” (amplitude) and the frequency
of the ventricular fibrillation waveform. Low-amplitude ven-
tricular fibrillation waveforms are less likely to be associated
with restoration of spontaneous circulation and discharge
from hospital, and are more likely to convert to asystole fol-
lowing defibrillation.21 Low-frequency ventricular fibrilla-
tion indicates a poor chance of successful resuscitation.22

The median frequency of the VF waveform correlates with
myocardial perfusion during CPR.23 In an animal model a
median frequency of 9.14 Hz or greater had 100% sensitivity
in relation to defibrillation success.23 This type of analysis
could possibly be used to determine the most appropriate
time to administer a defibrillating shock.24–26

Role of transthoracic impedance

Defibrillation involves the delivery of electrical energy
across the thorax. Because present defibrillation guide-
lines specify the delivery of a fixed amount of energy, the
magnitude of the transthoracic current (Im) is determined
by transthoracic impedance (TTI).

where:
Im �peak discharge current (A)
Z� transthoracic impedance (	)
E�electrical energy (J)

The transthoracic impedance is an important determin-
ant of the ensuing defibrillation waveform. The average
transthoracic impedance to monophasic defibrillation
shocks in adult humans is 70–80 ohms, with a range of
15–150 ohms.27 Although the total amount of energy deliv-
ered is approximately the same, irrespective of the imped-
ance, a low impedance results in a narrow waveform
with high current, while high impedance results in a wide
waveform with lower current. Excessively high current
can cause morphological and physiological myocardial
damage associated with postshock arrhythmias, whereas

Im 

�E

Z
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low current may be inadequate to achieve defibrillation
and the longer duration waveform may risk reinduction of
ventricular fibrillation. Clinical studies with monophasic
waveform defibrillators suggest that optimal success
is achieved with a transthoracic current of 30–40
amperes.27–34

The challenge in delivering safe defibrillation across a
range of impedance is to ensure optimal waveform and
current across the entire range. Monophasic defibrillators
are unable to adjust for transthoracic impedance and the
resultant waveform varies considerably with impedance.
Excessively high or low peak transthoracic current is asso-
ciated with reduced effectiveness of monophasic wave-
form defibrillation. Minimizing transthoracic impedance
will increase the chance of successful defibrillation.
Factors affecting transthoracic impedance are listed in
Table 25.1 and discussed in more detail below.

Paddle force
When using traditional hand-held defibrillation electrode
“paddles,” increasing paddle force improves electrical
contact at the electrode–skin interface. Optimal paddle
force in adults is approximately 8 kg;35 in children 1–17
years the optimal paddle force is approximately 5 kg and in
children �10 kg, approximately 3 kg.36 Eight kg is a signifi-
cant force and the physically strongest member of the
resuscitation team should therefore be delegated to apply
the electrode paddles.

Paddle orientation
Most external defibrillation pads and paddles are asym-
metric. Placing the apical electrode in a craniocaudal
direction minimizes transthoracic impedance.37

Couplant
A couplant is a high conductivity material that minimizes
impedance at the electrode-skin interface. Pastes, creams,
gels, saline-soaked gauze swabs, or preformed gel pads
have all been used for this purpose. Although pastes,
creams, and gels all provide good electrical contact, they
are prone to be smeared across the chest, making external
chest compression slippery and risking arcing between
electrodes38 with the production of a potentially dangerous
spark. The low-impedance gel pathway also results in little
current traversing the heart.39 Preformed gel pads as a cou-
plant for hand-held paddle electrodes are quick to apply,
provide good electrical contact,40 and minimize these risks.
It is important not to use a high impedance gel (such as
some ultrasound gels) since less current is conducted and
also since arcing is more likely to occur with associated
complications of skin burns or fire.

Shaving the chest
Chest hair increases transthoracic impedance through
poor electrode contact and air trapping. Defibrillation
across an unshaved chest is likely to result in more severe
burns. Shaving the chest prior to defibrillation mini-
mizes transthoracic impedance by improving electrical
contact.41,42 Shaving must not interfere with ongoing exter-
nal chest compressions.

Lung volume
Lung volume is a major contributor to transthoracic
impedance. Firm paddle force (8 kg) during defibrillation
reduces overall thoracic volume and reduces transthor-
acic impedance by 16%.43 Transthoracic impedance is
also lower during the expiratory phase of respiration31

and increases progressively with increasing positive end-
expiratory pressure (PEEP).44 Patients with acute asthma
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Table 25.1. Factors that determine and alter human
transthoracic impedance

Factor Effect on impedance

Chest size or interelectrode Larger chest results in higher 

distance (most important impedance

factor)

Selected energy Higher energy reduces 

impedance

Electrode size Larger electrodes reduce

impedance

Couplants between Failure to use a low resistivity 

electrodes and chest wall couplant results in very high

impedance and low current 

flow. Gels, electrodes, pastes, 

and saline-soaked gauze pads

are all satisfactory

Multiple shocks Multiple shocks reduce 

impedance

Phase of respiration Inspiration increases 

impedance, expiration

lowers impedance

Electrode-chest wall contact Firm pressure on hand-held 

pressure paddles reduces impedance

Sternotomy Sternotomy lowers impedance

Electrode placement on Breast placement increases 

female breasts impedance

Specific arrhythmia No effect on impedance

(i.e., VF, VT, AFib, AF)*

* AFib, atrial fibrillation; AFL, atrial flutter; VF, ventricular

fibrillation; VT, ventricular tachycardia.



may have particularly high transthoracic impedance due
to lung hyperinflation and auto-PEEP.

Hypothermia
In swine models of short duration (30 seconds) and long
duration (8 minutes) VF, moderate (33.0 ºC) and severe
(30.0 ºC) hypothermia was associated with a higher defib-
rillation success rate, despite an increase in transthor-
acic impedance. A higher resumption of spontaneous
circulation was achieved. The improved shock success is
thought to be due to a hypothermia-induced change in the
mechanical or electrophysiological properties of the
myocardium.45,46

Repeated shocks
Multiple monophasic shocks slightly reduce transthoracic
impedance to subsequent shocks.27,29 The reduced
transthoracic impedance will result in a greater transmyo-
cardial current with subsequent shocks even at the same
energy. The mechanism for this reduction in impedance
may be related to tissue hyperemia and edema in the
current pathway.47 The effect of repeated biphasic shocks
on transthoracic impedance is unknown.

Impedance compensating waveforms

Biphasic waveforms are generated using discharge from a
capacitor but electronic modification allows manipula-
tion of the waveform. Instantaneous measurement of
transthoracic impedance enables the waveform to be con-
trolled by the defibrillator to provide both optimal current
and waveform duration. Shock characteristics that may be
altered in various commercially available biphasic defib-
rillators include the duration of the two pulses (individu-
ally and in total) and/or the leading-edge voltage of the
pulses. This technology, not available on monophasic
defibrillators, has resulted in more effective biphasic
defibrillation across a wide range of transthoracic imped-
ance, minimizing the effect of impedance on the success
of defibrillation.48

Therapy

Electrodes

The optimal size of electrodes for adults is thought to be
from 8.5 to 12 cm in diameter.27,49,50 Although impedance
can be reduced by using even larger electrodes, if the elec-
trodes are too large, contact with the chest wall may be inad-
equate if rigid hand-held electrodes are used. Furthermore,

with very large electrodes a greater proportion of the current
may traverse extracardiac pathways, thereby “missing” the
heart.51

Traditionally, small electrodes have been used for infants
and children, often labeled “pediatric” electrodes. This has
primarily been based on the intuitive concept that smaller
electrodes are more suitable for children. Very small elec-
trodes may result in excessively high transthoracic imped-
ance and inadequate current flow, however.52 Larger
“adult” electrodes are therefore more appropriate if the
electrode paddles will fit completely on the child’s thorax,
which, for most children, is true at or above 1 year of age or
10 kg weight. Current flow is improved by using “adult”
paddle electrodes in children.53

Electrodes should be placed so that the heart is located
between them. The polarity of the paddles is unimport-
ant.54,55 It is now understood that current does not follow a
straight line through the chest between electrodes, and a
surprisingly low portion of the total current flow – only
about 4% – actually traverses the myocardium during
transthoracic defibrillation.56 The most common electrode
placement is apex-anterior: the anterior electrode is
placed anteriorly to the right of the upper sternum below
the clavicle, while the apical electrode is placed to the left
of the nipple, just outside the position of the normal
cardiac apex (V4–5 position)57 (Fig. 25.1). The apical elec-
trode must be placed sufficiently laterally to optimize
transmyocardial current flow and prevent arcing of current
across the chest wall.

It is important in female patients to avoid placing the
defibrillator paddles or self-adhesive pads directly on the
left breast. The breast should be elevated and the paddle or
pad placed on the chest wall lateral to the breast in the
expectation that this will reduce impedance and improve
current flow.34

Other electrode positions have been used successfully:
an anterior-posterior position where one electrode is
placed anteriorly over the left precordium and the other
posteriorly in the right or left infrascapular position or an
apex-posterior position where the anterior paddle is
placed over the cardiac apex with a posterior paddle in the
right infrascapular location (Fig. 25.1). In any individual
patient one position may be superior to others; in our
experience, a shock will occasionally achieve defibrillation
when electrode positions are altered and a new position is
used, after several shocks have been administered unsuc-
cessfully from a previously used position.

Putting the electrodes nearer the heart to increase the
electrical field strength will increase success and may be
achieved by a more invasive defibrillation route. Examples
of this include epicardial or endocardial electrodes applied
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either during open-chest resuscitation or by surgical
implantation of automatic defibrillators. This also will
lower impedance because the electrodes will be closer
together. With invasive techniques, energy levels between
5 J and 25 J may be adequate.

Transesophageal electrode placement permits success-
ful defibrillation of ventricular tachycardia and ventricular
fibrillation at relatively low energy levels (100 J or less).58

The technique, however, is unlikely to be applicable for
routine resuscitation, and esophageal injury has been
reported with higher energies.59

Defibrillation can also be performed by using disposable
self-adhesive monitoring defibrillation pads that incor-
porate a conductive gel between the electrode and skin
surface.49,60,61 This is an attractive option: the pads enhance
operator safety by physically separating the operator
from the patient. In elective situations (electrophysiologic
studies, cardiac catheterization laboratory, elective car-
dioversion) they can be preplaced, facilitating optimal
placement without the extreme stress of an ongoing
cardiac arrest. Transthoracic impedance is similar to that of
standard hand-held electrodes.49 Self-adhesive pads are
routinely supplied with automatic external defibrillators,
and are used to detect the surface electrocardiogram and
permit its analysis and then to deliver the defibrillating
shock.

Present recommendations for the size of pads used with
these automatic external defibrillators are that the total
area of the two electrodes be at least 150 cm2.50

Defibrillation waveforms

The monophasic damped sinusoidal (MDS) waveform for
defibrillation was introduced by Lown in 1962,62 and

remained the standard waveform for transthoracic defibril-
lation for 30 years. Monophasic truncated exponential
waveform defibrillators were used less frequently,63 and
may be less effective.64 More recently, biphasic truncated
exponential waveforms have supplanted the damped sinu-
soidal monophasic waveform as the standard waveform for
transthoracic defibrillation. Shocks given by using the BTE
waveform have been shown to achieve higher rates of VF
termination than MDS waveforms at equivalent energy
levels.65–67 Furthermore, there is experimental evidence
that the BTE waveform is less damaging, as it is associated
with less myocardial depression and fewer postshock
arrhythmias.68

An available variant of the BTE waveform is character-
ized by a rectilinear (near-rectangular) first pulse followed
after polarity reversal by a truncated exponential second
pulse.69

Energy guidelines for defibrillation by use of monopha-
sic waveform defibrillators have for many years empha-
sized a “stacked shocks” approach: 200 J, 200–300 J, 360 J.
This was based on several studies which found that initial
shocks of less than 200 J may generate inadequate current
to defibrillate,70 while higher energy initial shocks did not
achieve higher initial success.71 The newer biphasic trun-
cated exponential waveforms, however, have been found
to have much higher success rates (up to 98%) than
monophasic waveforms at relatively low shock ener-
gies.66,67,72,73 In view of this, a single-shock strategy might
be preferable to three standard shocks, i.e., if the first shock
fails to terminate VF, external chest compressions should
be immediately resumed, rather than applying additional
biphasic shocks which take time and are unlikely to be
effective until a period of closed-chest compression has
been administered.
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Elapsed time during a cardiac arrest is a particularly
important consideration when the new automated exter-
nal defibrillators (AEDs) that analyze the ECG signal are
used and, if an algorithm for VF detection is satisfied, the
operator is advised to deliver a shock. No CPR can
be performed while the analysis is in progress, because
CPR produces artifacts in the ECG. The AED algorithms
typically require 30 or more seconds for each
analysis/charging cycle. Thus, requiring three failed
stacked shocks before resuming CPR and administering
agents such as epinephrine or vasopressin, could require
as long as 11⁄2–2 minutes during which no CPR was
administered, thus reducing the chance of success of the
resuscitation effort.

“Thumpversion” (precordial thump)

Ventricular tachycardia and, rarely, ventricular fibrillation
can be terminated by striking the precordium with a closed
fist – so-called “thumpversion” or precordial thump.74–77

The success rate of this maneuver in terminating the
arrhythmia is from 11 to 25% for ventricular tachycardia,
and approximately 2% in ventricular fibrillation. However,
such a thump can accelerate ventricular tachycardia or
convert it to ventricular fibrillation, asystole, or electro-
mechanical dissociation, thereby substantially worsening
the patient’s condition. “Thumpversion” should be consid-
ered in a witnessed cardiac arrest where the patient is
pulseless and a defibrillator is not immediately available.
If the patient has a pulse, the precordial thump should
not be employed unless a defibrillator is immediately
available.

Safety of defibrillation

Whereas the use of a defibrillator may be lifesaving for the
patient, safety must not be compromised during defibril-
lation attempts. There are three significant areas of risk
during defibrillation: risk to the patient, to the user, and to
the equipment/environment. There is obviously some
overlap between these.

Risk to the patient
Defibrillation of supraventricular arrhythmias should be
synchronized to avoid delivering a shock on the “T” wave
of the ECG, which may induce ventricular fibrillation. It is
important to avoid inadvertent use of synchronization
when shocking ventricular fibrillation in order to avoid
delay in delivering a shock.

When paddles are used for monitoring, after one or more
shocks an electrical voltage “offset” can result in the

monitor incorrectly displaying an ECG trace mimicking
asystole, even when the patient remains in VF.78 This spuri-
ous appearance of asystole may last long enough to delay
further shocks, because it may mislead rescuers who rely
on monitoring through the paddles. Spurious asystole is
more likely to occur after several successive shocks have
been applied through gel pads and in the presence of high
transthoracic impedance. This is probably due to the
higher voltages applied with successive shocks. If asystole
is seen following a shock while gel pads or paddles (“quick
look paddles”) are used, the rhythm must be confirmed
immediately by attaching standard ECG electrodes.78 They
are less likely to have a prolonged voltage offset.

Increasing numbers of patients requiring defibrillation
may have an implanted pacemaker or a cardioverter defib-
rillator. Both these devices may be damaged by the high
current associated with defibrillation (this is one example
of risk to equipment and to patient). Placing the electrodes
12–15 cm away from the device has been recommended to
ensure both that the sensitive electrical components of the
ICD are not damaged and that the defibrillation current
does not stray down the low-impedance pathway of the
internal pacing/defibrillation electrode.79–81 This is not dif-
ficult to achieve in the majority of such patients, where the
pacemaker generator is placed in a subcutaneous pocket
in the left pectoral area. In these situations where a right
pectoral location is present, anterior–posterior electrode
placement can be used safely. All implanted cardioverter
defibrillators and pacemakers should be checked promptly
in patients after they have been defibrillated, because tran-
sient disturbances in sensing, capture, and pacing may
occur.

Risk to the user

Accidental shock to the rescuer
The rate of accidental shocks during defibrillation by
emergency medical technicians has been reported to be
1/1000 compared with 1/1700 for paramedics, fortunately
without morbidity or mortality.82 When defibrillation is
carried out, it is important that no one is physically in
direct contact with the patient. The operator must shout
“stand clear” and check that all those present have done
so before giving the shock. With automated systems, the
team leader must ensure that voice commands from the
machine are followed. Contact with intravenous infusions,
wet clothing, and metallic contact with the patient (e.g.,
from a bed or trolley) must also be excluded. Electrode
pastes can spread across the chest wall and/or onto the
operator’s hands, leading to arcing of the current and the
potential for spark formation.
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Risks to equipment and environment (also may carry risk
to patient and user)

Oxygen High oxygen concentrations may be present
around patients during resuscitation attempts.83 Sparks
generated during defibrillation may ignite the oxygen and
cause a fire and burns to the patient.84,85 It is recommended
that oxygen concentrations around the chest during defib-
rillation be minimized by avoiding disconnection of the
ventilation circuit and ensuring that any free-flowing
oxygen is moved away from the patient.

Transdermal drug patches Nitroglycerine patches may
explode if a defibrillating electrode is placed directly over
the patch. The explosion is due to arcing and breakdown of
the metal backing of the patch rather than explosion of the
nitroglycerine itself.86,87 Metal backing is present in other
transdermal drug patches and therefore all should be
removed before defibrillation.

Aircraft avionics Defibrillation in aircraft is normally
safe, provided that standard precautions are observed.
Leakage currents of less than 1.5 mA have been recorded
from standard battery-operated defibrillators and should
cause no interference with avionic equipment.88

The future of defibrillation

Automated external defibrillators

The development of AEDs has revolutionized out-of-
hospital resuscitation.

AEDs monitor the ECG via self-adhesive electrodes
applied to the patient’s chest. The rhythm is analyzed by a
microprocessor in the defibrillator. If the algorithm for
ventricular fibrillation is satisfied, semiautomatic ver-
sions of these devices sound an alarm and advise the oper-
ator to deliver a shock. In fully automatic systems, the
defibrillation shock is applied without further input from
the operator, but an audible warning is given for safety of
any nearby personnel. An example of defibrillation
accomplished by lay rescuers using an AED is shown in
Fig. 25.2.

The algorithms used are accurate when tested against
field-recorded electrocardiograms.89,90 Specificity rates for
diagnosing ventricular fibrillation approach 100%, i.e., that
the machine will not shock non-VF rhythms. Sensitivity
rates are somewhat lower, particularly with low-amplitude
ventricular fibrillation waveforms.91,92 AEDs may also fail
to interpret the pacing “spike” of an implanted defibrillator
pacemaker correctly, but instead recognize it incorrectly as
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Fig. 25.2. Defibrillation by a volunteer (lay) first responder emergency medical service using an

automated external defibrillator. A single 200 J shock terminates ventricular fibrillation (VF); a brief

period of asystole is followed by a perfusing rhythm. The patient survived.



a QRS complex.93 Lower sensitivity rates can result in
failure to shock ventricular fibrillation.

Emergency service personnel equipped with such auto-
mated defibrillators achieve higher resuscitation and
survival rates than do those equipped with manual defib-
rillators or no defibrillators at all.94 This is primarily due to
the reduced time for delivery of the first shock when an
AED is used. Also, AEDs have significant advantages over
manual defibrillators in terms of reducing time and
resources for initial training and periodic retraining.

The International Liaison Committee on Resuscitation
(ILCOR), of which the American Heart Association is a
member, has promulgated the concept of the “chain of sur-
vival” – early activation of the emergency medical service
system, early CPR, early defibrillation, early advanced
cardiac care – and strongly endorses and encourages the use
of automated or manual defibrillators by all emergency per-
sonnel who may be called to diagnose and treat cardiac
arrests: physicians, nurses, emergency medical technicians,
and first responders, such as firefighters and police officers.95

Widespread availability of AEDs in the community, with
selected lay personnel trained in the use of these devices,
was shown to be practical and to offer a promising
approach to improving survival from prehospital cardiac
arrest.95–97 In a subsequent large public access defibrilla-
tion (PAD) study, there were substantially more survivors
to hospital discharge in scenarios where lay volunteers
were trained in the use of AEDs plus CPR (23% survival),
rather than CPR only (14%).98

Automatic implantable defibrillators

Fewer than half of the individuals who survive out-of-
hospital resuscitation for sudden cardiac death have evi-
dence of acute myocardial infarction. Ambulatory ECG
recording indicates that ventricular fibrillation is often the
terminal event, frequently preceded by ventricular tachy-
cardia or multiple ventricular ectopic activities.99,100 In an
attempt to reduce the frequency of recurrent ventricular
arrhythmias, antiarrhythmic drug therapy has been used,
but these drugs are not always effective, have side effects,
and can themselves be proarrhythmic (i.e., can cause life-
threatening arrhythmias). Recent reports indicating an
increase in mortality in patients taking drugs for arrhyth-
mia control have highlighted this problem.101

A fully automatic implantable defibrillator (AID) was
first described for use in treatment of sudden cardiac death
in 1986.102 These first devices were inserted by thoraco-
tomy, but transvenous systems are now used for nearly all
patients. They consist of a pulse generator that resembles
a pacemaker and have electrodes for sensing the ECG and

shocking the heart, with the electrodes located on leads
that are usually positioned in the cardiac chambers and
superior vena cava. Newer implantable devices have both
pacing and defibrillation capability and are referred to as
ICDs (implantable cardioverter defibrillators). The sensing
electrodes detect occurrence of a dangerous arrhythmia
and the device automatically applies pacing pulses (for
ventricular tachycardia) or defibrillation shocks (for rapid
ventricular tachycardia or ventricular fibrillation) to treat
the disorder. Many patients are treated with both an ICD
and antiarrhythmic drugs.

At the time of implantation, the patient’s shock intensity
required for defibrillation is determined by test shocks,
because there is considerable patient-to-patient variability
in shock intensity needed. Also, the ICDs allow for progres-
sive increases with each shock in the event that the first
shock(s) are unsuccessful. The intensity of shocks can be
reprogrammed non-invasively at a later date if the patient’s
requirements change. If they are conscious, patients report
that a shock feels like being hit or kicked in the chest.

Because many of these patients have extensive ischemic
heart disease and poor ventricular function, mortality
from heart failure remains high, but sudden death from
arrhythmias is dramatically reduced and overall survival is
improved after device implantation.103

Implantation of these devices has greatly increased as
indications for use have increased and implantation has
become easier. Three large trials have shown the effective-
ness of ICDs to reduce mortality. The MADIT (multicenter
automatic defibrillator implantation trial) and MUSTT
(multicenter unsustained tachycardia trial) trials104,105

showed that mortality decreased in patients who had
ischemic heart disease, a reduced ejection fraction, non-
sustained ventricular tachycardia and inducible sustained
VT. The MADIT II study did not require non-sustained VT
or electrophysiology testing, but did require a previous
myocardial infarction and an ejection fraction �30%.106

Notably, MADIT II showed that prophylactic ICD implan-
tation, sometimes in combination with drug therapy,
reduced patient mortality by 31%. This finding almost cer-
tainly will further increase the use of ICDs.

Home defibrillators

The great majority of prehospital sudden cardiac deaths
occur in the home, not in public places.107 AEDs are
approved for use in a home setting. However, certain
requirements for successful AED use must be present: the
arrest must be witnessed (family members or spouses may
be asleep or away) and the rescuer must be trained and able
to locate the AED, apply the electrodes and operate the
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device correctly (a particular challenge for elderly or infirm
spouses). The recent introduction of wearable defibrillators,
which continuously monitor the ECG and which are fully
automated, offers potential for overcoming some of these
problems.108 Possibly such devices could be provided to
intermediate risk patients on a temporary lease basis to
reduce costs – perhaps for several months after a myocardial
infarction, or as a bridge before heart transplant in patients
with severe dilated cardiomyopathy (such patients have
high rates of sudden death while awaiting heart transplan-
tation). Clearly, patients known to be a high risk for sudden
cardiac death (previous cardiac arrests, malignant ventricu-
lar arrhythmias) should receive an implantable defibrillator.

Developing strategies for prompt diagnosis and
treatment of VF occurring in the home remains a major
challenge if we are to improve survival from cardiac arrest.
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History of AEDs

Automated external defibrillators (AEDs) as we now know
them have had a rapid and interesting evolution. The first
report of an “automatic cardiac resuscitator” was made by
Diack et al. in 1979, who had developed the defibrillator,
the Heart-Aid.1 A first clinical report on successful ambu-
lance use was published in 1982.2 The design of this defib-
rillator was unusual for several reasons. First, it used a
tongue electrode together with a chest electrode for defib-
rillation. Second, the tongue blade also contained a sensor
for respiration, which prevented the defibrillator from
delivering a shock as long as an air stream was detected
over the tongue. Confidence in the algorithm to detect
ventricular fibrillation (VF) by the ECG was not sufficient:
a second independent sign of circulatory arrest was
desired. Further automated analysis of the ECG and defib-
rillation in cardiac arrest was investigated first in defibril-
lators that were used by traditional responders such as
Emergency Medical Technicians.3,4 Then, when safety
and efficacy were confirmed, the use was extended to fire
fighters5 who were already part of the Emergency Medical
Services (EMS) and to police squads who had never been
part of the EMS.6 It became clear that the future of auto-
mated defibrillation was with lay rescuers with limited
training, without the ability to interpret ECGs. Ease of use
was paramount.

Therefore, new AEDs were designed with the lay rescuer
in mind, with increasing simplicity and decreasing weight,
volume, and cost. Also, these new AEDs offered assistance
to the rescuer with voice prompts that could talk the
rescuer through the still complicated process of applying
defibrillation pads, defibrillation, checks for return of

circulation, and resuming CPR when needed. The process
could be repeated according to agreed protocols. These
AEDs received rapid acceptance, especially when experi-
ences were published with police7,8 airline personnel,9

casino attendants10 airports11 and the public domain.12

Use of AEDs in pediatric cardiac arrest became better
accepted when energy attenuators became available, lim-
iting the energy delivered,13 and the VF detection algo-
rithm proved reliable in children.14 Limitations in the
delivering of the voice prompts became clear however,15

they markedly curtailed the time during which CPR could
be administered, thus decreasing the life-saving potential
of AEDs. The 2005 AHA and ERC guidelines on resuscita-
tion16,17 suggest revision of voice prompts according to
accumulated experience and new understanding of the
prime importance of chest compressions.

Another trend is the addition of new tools to assist the
rescuer in performing Basic Life Support, such as a
metronome to enforce an optimal rate of chest compres-
sion and a displacement transducer that gives feedback on
speed and depth of chest compressions.

AEDs have evolved into highly sophisticated, small,
simple, and cheaper devices that are now applied in
increasing numbers in out-of-hospital cardiac arrest.18

The technological developments will clearly continue
with new capabilities to optimize the chance of successful
resuscitation.

The clinical application of AEDs

The principal applications of AEDs are for use by operators
with modest training, although they have been used
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increasingly by healthcare professionals, including physi-
cians and nurses, whose work does not bring them into fre-
quent contact with cardiac emergencies so that they lack
relevant experience for dealing with cardiac arrest.

AEDs are deployed in two strategies: “on-site,” in which
any use is expected to be close to where the device is kept;
and “transported” in which the device is intended to be
taken to an emergency remote from where it is kept.

On-site AEDs

The most obvious on-site use of AEDs is within the home, a
concept that has been likened to keeping a fire extinguisher
for an unlikely but grave emergency. But it is not an exact
analogy. Even an AED requires both training and refresher
training as well as battery maintenance. Moreover, the cost
for routine home use would be prohibitive and many would
find its presence intrusive. Thus the perceived risk of a
family member developing a malignant arrhythmia must
be great enough to justify its purchase for both reassurance
and protection. Here, too, there is a caveat; if the risk is very
great – as for example for an individual who has already suf-
fered such an event – then an implantable defibrillator
would be the usual strategy. Vest devices19 also compete for
favor if protection is required as a bridge whilst an implant
is awaited. No consensus yet exists on the level of risk that
might call for protection to be immediately available yet not
merit implantation. One early small study showed no sur-
vival benefit.20 Moreover, the psychological aspects cannot
be assumed to be favorable. How many deemed at risk
might fear to venture far from what may be perceived as a
life-line? The strategy is currently being investigated com-
prehensively in the HAT (home external automatic defibril-
lator trial) trial that is expected to report in 2007.21 Until
more evidence is available, home applications should be
regarded as of unproven value.

An extension of the home concept has been investigated
as part of a larger trial that involved placement of units not
only in public places, but also in blocks of dwellings. The
need here was therefore based on a large number of indi-
viduals at relatively low risk rather than on single persons
at high risk. The Public Access Defibrillation (PAD) trial12

included 80 apartment complexes with volunteers trained
to provide CPR for cardiac arrest and, for comparison, 77
others in which the volunteers also had the potential to
deliver an AED within 3 minutes. Only a single individual
survived in each group from a total of 70 definite cardiac
arrests. The issues of ownership, training, and response
times would inevitably have posed challenges that may
have accounted for the poor result in the AED arm of the
study. The declared target to have defibrillation available

within 3 minutes would also be difficult to achieve in this
situation, so that the strategy does not provide a typical
example of “on-site” use.

The considerations are quite different in relation to the
protection of individuals not known to be at high risk, but
who are in areas remote from any chance of conventional
rescue. Typical examples have been reported in relation to
commercial aviation9,22–25 but could apply equally well to
ships, long distance trains, expeditions, and even remote
settlements. Here, the problem of responsibility for using
the device in an emergency can be settled readily because
selected individuals will have a “duty to respond.” The case
for this strategy cannot generally be made on economic
grounds unless, as was the situation aircraft, experience
shows that expensive diversions can be avoided. Few AEDs
would ever be used successfully to treat cardiac arrest
during flight. A review of in-flight deaths reported to the
International Air Transport Association suggested that
cardiac arrest might occur once in every 3 million passen-
ger flights.26 The QANTAS experience22 of one in a million
passenger flights was higher; this may represent only sta-
tistical chance in small numbers, but under-reporting of
events by airlines is also possible. The case for AEDs on air-
craft, now adopted by almost all major carriers, was based
in part on medicolegal considerations, because of the risk
of liability arising from not having facilities available for
defibrillation. More recently, in the United States the
Federal Aviation Agency (FAA) has ruled that all commer-
cial aircraft with at least one flight attendant must carry an
AED: the law now adds an even more powerful motive.27

The principle of equity might also be cited. All these
reasons are valid and powerful: benefit cannot always be
judged on clinical results alone.

The likelihood of need is clearly greatest where large
numbers of sick patients are likely to be found. Whereas
high dependency clinical areas are generally equipped
with defibrillators with staff experienced in their use, most
healthcare areas do not have resuscitation equipment
available routinely – more than a decade after the first
description of AEDs in hospital.28 Many non-critical hospi-
tal wards, nursing homes, clinics, and physician or para-
medical premises are also likely to have patients, either
resident or visiting, who are at risk of sudden cardiac death.
The use of automated defibrillation is ideal in such areas
but has been unevenly exploited. All hospital areas with
vulnerable patients should have defibrillation facilities
immediately to hand, certainly sufficiently close to permit
application within a couple of minutes in order to achieve
defibrillation within the few minutes of the ‘electrical
phase’ of cardiac arrest29 while the prospects of success
remain optimal. The notion that collapse in a ward area is
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a signal for summoning a remote cardiac arrest team is a
recipe for unnecessary deaths! AEDs can provide a very
desirable solution because all professional ward staff
should then be able to provide immediate definitive treat-
ment. Although observational studies attest to its value,30,31

the strategy has not yet been widely implemented in some
countries, nor fully in all. It should be seen as a priority.
Primary care is another area where availability of defibril-
lation facilities has been disappointingly low. One can only
regret that the excellent results obtained from the use of
AEDs in the offices of general practitioners have not
prompted a demand for the defibrillator being universally
available.32

The concept of “on-site” defibrillators in public places
is developed in Chapter 27 where Public Access
Defibrillation is considered in greater detail. It has been a
success story for the implementation of AEDs, with use in
casinos,10,33 airports, bus or ferry terminals, railway sta-
tions,11,34 shopping malls,12 and sports facilities.35–39

Remarkable success for on-site defibrillation was also
reported from a survey of rehabilitation programs even
before devices were automated;40 such equipment should
now should be available routinely where cardiac rehabili-
tation is practiced. Authorities should consider carefully
where else in the community they should be deployed. A
survey in 1998 examined the annual incidence of cardiac
arrest in public places.41 A county jail came second only
to an international airport; the needs of defibrillation
facilities in detention centers can readily be overlooked!
Data from emergency services should be used more fre-
quently to guide community policies with regard to
prompt defibrillation.

Vulnerability of any given population must be a key
issue, but even the apparently fit merit consideration. At
present we have no consensus on the numbers of healthy
people gathered in one place that might constitute a re-
cognized need for availability of defibrillation facilities.
Numbers alone provide an insufficient guide, however, in
assessing community risk. Average age of a population
clearly has a bearing, but more important is the type of
environment. In particular, environments that trigger high
adrenergic drive have a disproportionately high incidence
of cardiac arrest, but also an unusually high incidence of
arrests with shockable rhythms, with fibrillation found in
over 80% of cases in airports and railway stations34 and
over 90% of cases in a casino.10 Moreover, where adrener-
gic drive is a major factor, a high proportion of arrests may
occur in the absence of fresh infarction, so that resuscita-
tion may have a greater chance of success. Although this is
a reasonable hypothesis that is in keeping with observed
data, it has not been studied formally.

Transported AEDs

Lay first-responder schemes are probably the most
important area of development in which the use of AEDs
could counter an important proportion of cases of sudden
cardiac death. Although response times will generally be
longer than for on-site defibrillation, they can still be
appreciably shorter than those achieved by conventional
emergency systems. This is hugely important when every
minute of delay has been shown in a large database to
reduce the average success rate in comparison with that of
the previous minute by no less than 23%.42 The strategy has
not been adequately exploited for various reasons, but
none of them is insuperable nor should any be seen as an
overly daunting challenge in comparison with the size and
nature of the problem that it could address. Complacency,
lack of vision, and even ignorance within the medical com-
munity pose the greatest barriers.

The major barrier to reducing community mortality by
first-responder defibrillation is perceived to be the site of
most unexpected cardiac arrests. They do not occur in
hospital, or even in public places. A large majority of
persons die at home; in one epidemiological survey this
was reported to be as high as 80%,43 although it was
appreciably lower at 61% in another study.44 Not surpris-
ingly, older people are more likely to suffer sudden
cardiac arrest at home than are younger ones.44,45 Most
are witnessed by sight or by sound but the survival rate
is poor, with prospects regarded as gloomy because of
the belief that most patients with cardiac arrest outside
hospital will never be in reach of publicly accessible
defibrillators.46

The current situation is indeed unsatisfactory, particu-
larly since most statistics for out-of-hospital cardiac
arrest relate only to cases in which an attempt at resusci-
tation was made. In some areas this is close to zero, but
even in areas with highly developed emergency services
there is another problem. The proportion of victims
found with shockable rhythms is usually reported to be
about 40%.47,48 Such unpromising figures are, however,
due in large measure to slow response times that permit-
ted the decay of fibrillation into asystole. Indeed, data
from Gothenburg have suggested that the initial inci-
dence of fibrillation is about 80%,49 a percentage that has
been exceeded in some studies of on-site AEDs as quoted
above. The figure was derived by extrapolating backwards
to zero time from the falling incidence found as delays
increase. Although the proportion of cases with fibrilla-
tion has been noted to fall in recent years, defibrillation
should be the appropriate option for far more victims
than is currently observed: short response times are the
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key. An important concept must be accepted: cardiac
arrest in the community is a problem for the community
and not primarily for ambulances. It remains, however, a
problem for the emergency services because it is the con-
ventional emergency control systems that must activate
responders in the shortest possible time. But if respon-
ders are activated only for cases believed to involve
cardiac arrest, then at least half will be missed, and the
responders will never develop the competence that
comes from experience and confidence. Few data have
yet been published to confirm that community respon-
ders can achieve greater success by attending all reported
major emergencies. One study from Piacenza50 in Italy,
however, has attracted interest by showing that imple-
mentation of a scheme in which volunteers trained in
AED use, but not CPR, tripled the community survival
rate. Further detailed studies of well organized commu-
nity schemes are urgently needed.

Far more extensively studied have been schemes in
which non-healthcare professionals ‘with a duty to
respond’ have been equipped with AEDs and given the
remit of attending cardiac emergencies. These have
largely been fire service and police personnel. In the
United States and some other countries, the fire service is
generally part of a unified emergency service but, where
this is not the case, firemen could supplement ambu-
lances and indeed can often reach victims sooner.51 Fire
services must be adequately staffed at all times for emer-
gencies that are relatively infrequent. It therefore makes
abundant sense to equip them with AEDs and use them as
coresponders in order to achieve good response times at
relatively modest cost. In some countries, however, the
strategy has not been adopted or has been adopted imper-
fectly. Within the United Kingdom, union reservations
from the professional fire service has held up progress. In
other countries, interservice rivalry has lessened the ben-
eficial impact.

Police forces offer another obvious method of rapid
response to life-threatening emergencies. The highly suc-
cessful experience by police in Rochester (Minnesota,6,52

described in Chapter 27) shows how dramatically success-
ful this can be. But even well-organized schemes53,54

cannot match this success unless an effective system is in
place to ensure that police are alerted as quickly as the
regular ambulance service. When this is achieved,
response times can be appreciably reduced.55 Any short-
comings in this area may not be due to lack of cooperation.
Apart from the complexities of linking control centers and
the resultant delay, incidents of cardiac arrest cannot be
identified accurately from public emergency calls, and few
police services have the capacity or will to act as a routine

backup ambulance service. Moreover, one survey found
that most law enforcement officers would not feel com-
fortable using an AED.56 This area requires more research
by those willing to follow the lead given by the ‘gold-
standard’ Rochester co-responder scheme.

AEDs were not initially designed for healthcare profes-
sionals, but some of their most valuable contributions
have been made by such personnel. Reference has already
been made to their use by physicians and hospital staff
with access to “on-site” units. Apart from general practi-
tioner physicians who travel to emergencies equipped
with their office AEDs,32 they have found a role in the con-
ventional or statutory ambulance services as well as inde-
pendent private services and those provided by voluntary
groups. The obvious benefit comes from the reduced train-
ing required compared with that for manual defibrillators,
so that the use of ambulance defibrillation can be greatly
extended. But there are other benefits. The algorithm deci-
sion plus screen interpretation of the waveform offers a
double check that many believed would hasten decisions
to shock. Some reports, however, showed that the adoption
of AEDs in ambulances did not improve results overall57

even when the previous option had been to provide CPR
and await a second tier ambulance.58 This is probably due
to the considerable delays that have been required by AED
algorithms before a shock can be given, comprising
‘hands-off’ analysis time, charge time, and human delay
after the shock instruction is issued.15 Experimental evi-
dence now indicates that after cardiac arrest has been
present for a very few minutes, any delay between com-
pressions and shock greatly reduces the likelihood of a
return of spontaneous circulation.59 At present, this can
reduce the efficacy of AEDs in comparison with manual
defibrillation.60 Improvements in design of the devices will
shortly overcome this disadvantage. Once this has been
achieved, we anticipate that AEDs will eventually displace
manual units even for skilled professional use.

The inestimable value of AEDs has been shown in many
different spheres of resuscitation. The role of automated
and perhaps automatic (self-discharging) units is set to
increase, both in terms of the numbers that a community
will expect to have available and also for expanding indi-
cations for their use.

AED in children

As the advantages and availability of automated external
defibrillators (AEDS) in both out-of-hospital and in-
hospital sites increased, it became apparent that children
were not eligible for this potential therapy. Since AEDs
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were not approved for use in young children, a child could
receive only CPR and initial airway management by first
responders. Rhythm analysis and defibrillation were
delayed until the arrival of advanced paramedics with a
variable dose manual defibrillator. The energy dose was
substantially higher than recommended doses for chil-
dren and the rhythm detection algorithms had been
developed with adult rhythms only. Over the last 5 years,
there has been an increasing effort to understand these
risks and modify the AEDs to optimize use in children.

Cardiac arrest in infants and children: is there a need
for AEDs?

The etiology of pediatric cardiac arrest differs from cardiac
arrest in adults.61–70 Primary respiratory arrest is more
common than primary cardiac arrest, and is the leading
cause of cardiac arrest in children less than 5 years. The
most frequent rhythm observed in patients 0–17 years old
is asystole or pulseless electrical activity (PEA). Successful
resuscitation rates are distressingly low (less than 10%),
costs are extremely high, and permanent neurological
sequelae are common.65,67,70

Because of the high frequency of respiratory arrest and
asystole in children, the emphasis of resuscitation efforts
has been on effective ventilation and oxygenation, whereas
rhythm assessment and defibrillation, despite their
importance, have received less emphasis. Rapid rhythm
evaluation is not routinely performed in pediatric patients
as66,71 first responders evaluated rhythm in only 44% of
pulseless children.66

We now recognize that the frequency of ventricular fib-
rillation may have been under-estimated during pediatric
arrest. In studies of out-of-hospital pediatric arrest, ven-
tricular fibrillation was present in 9 to 22% of those in
whom an ECG was obtained.61–66,68–70,72,73 Two out-of-
hospital, population-based studies demonstrate ventricu-
lar fibrillation in 9–19% of children suffering pulseless
arrest from any etiology. Mogayzel et al. reported ventricu-
lar fibrillation as the initial rhythm in 19% of children (5–18
years) who experienced an out-of-hospital cardiac arrest.66

The presence of ventricular fibrillation was evenly distri-
buted among all categories of arrest: drowning, overdose,
trauma, and medical illness. Young et al.70 found ventricu-
lar fibrillation in 9% of pediatric cardiac arrest victims. The
disparity in frequency can probably be explained by differ-
ent populations: Mogazel’s study was limited to children
5–18 years; Young’s study included children and infants
0–12 years as well as those diagnosed with sudden infant
death syndrome (SIDS). Interestingly, 6% of the patients
categorized as having SIDS had VF reported as the

presenting rhythm. Two recent in-hospital studies have
also documented an 11%–14% incidence of ventricular fib-
rillation in pediatric arrest.72,74 Thus, ventricular fibrilla-
tion, although not common, occurs in pediatric arrest and
should not be considered rare.

The presence of ventricular fibrillation as the initial
rhythm, compared with asystole or PEA, predicts hospital
discharge, improved survival, and/or neurological
outcome in both in-hospital and pre-hospital situations.
Long-term survival of 25%–40% has been reported in the
studies cited above.64–66,75,76

Because of this new information, early recognition and
treatment of ventricular fibrillation have been identified as
one factor that could improve pediatric resuscitation
rates70,73,77 and this has also prompted the need for modifi-
cation of AEDs to permit pediatric use.

Equipment design and modification for pediatric use

Potentially, adult-only AEDs could be applied to children,
but there were unknown risks associated with this practice.
In order to extend the new technology to children, modifi-
cations to the existing devices were necessary. The rhythm
identification algorithms needed validation and a pedi-
atric energy dose established. The rhythm identification
algorithms had been validated from libraries of adult
rhythms, but the rhythm algorithms from electrograms
recorded from young children also needed validation. The
AED energy doses were all programmed to adult energies
of 150–360 J shocks and a mechanism to deliver lower ener-
gies was required. These modifications were needed
without increasing the complexity of the AED operation for
adult use.

Several manufacturers have tested or developed modifi-
cations of their AEDs to permit safe and effective use in
children�8 years. Adult algorithms have been validated
with pediatric rhythms, or modified specifically for pedi-
atric patients.14,78,79 In 2001, the first pediatric pad and
cable system was granted market release by the United
States Food and Drug Administration and several manu-
facturers followed with comparable systems. Typically, the
modifications utilize separate pediatric pads with an
attenuator that automatically absorbs a portion of energy
when the AED delivers a shock. The attenuator lowers the
nominal energy delivered to the patient from 150–200 J to
approximately 50 J.80 As a result, scaled energy and current
are delivered to pediatric patients. The pediatric pads are
designed for use on children 0–8 years or up to 25 kg. The
American Heart Association strongly recommends the use
of the pediatric pads with attenuated dosing for children
1–8 years.16,81
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Modification of energy dosing

The energy dose recommendation of 2–4 J/kg for children
was derived from animal data82,83 and one small retrospec-
tive review of in-hospital short-duration pediatric ventricu-
lar fibrillation.84 That these doses were effective or safe in
humans has not been confirmed, especially for long-
duration ventricular fibrillation. Recent animal and human
data indicate that 2–4 J/kg may be inadequate. Clark et al.85

concluded that although biphasic waveforms were supe-
rior to monophasic waveforms in both infant and child
swine models, successful biphasic defibrillation required
energy doses of 3–4 J/kg. Berg et al. demonstrated that in
4–24 kg piglets, 2 J/kg monophasic waveforms failed to
defibrillate any animal with the initial shock.86 In a small
case series from Tucson, Arizona, only 50% of children who
received 2 J/kg�10 J were successfully defibrillated, but six
had asystole and one had PEA. In the remaining 50% of chil-
dren ventricular fibrillation was not terminated.

There appears to be a wide therapeutic range for energy
dosing, especially with biphasic waveforms. Tang and col-
leagues87 delivered 50 J to piglets weighing 3.5–25 kg. All
animals were successfully defibrillated to an organized
rhythm and survived for 72 hours. There were no differ-
ences in fractional area change or echocardiographic ejec-
tion fraction among the different weight groups 4 hours
after the shocks. Berg et al. observed good survival and
24-hour neurological outcomes in 4–24 kg animals with
escalating attenuated biphasic waveforms compared to
monophasic doses of 2–4 J/kg.86 Two studies of biphasic
defibrillation delivered very large doses to small animals
without obvious damage to the heart. Killingsworth et al.
detected no abnormalities of cardiac rhythm or left ven-
tricular function with very high-energy doses, 20–360 J
delivered to animals weighing 3.8–20 kg.88 In an animal
model of commotio cordis, blunt trauma to the chest, small
dogs received 200–360 J after ventricular fibrillation had
been produced.89 These energy doses were highly effective
at terminating VF, although 17 of 26 animals died.

There are two case reports and a case series of effective
pediatric defibrillation with high dosing.90–92 Rossano et al.
reviewed defibrillation dosing during out-of-hospital
pediatric cardiac resuscitation.92 Of 57 patients under age
18 years, the median dose for the first shock was 3.63 J/kg,
range 0.67–14.29 J/kg, and 49% of patients received more
than 4 J/kg as the first dose. Nineteen (33%) patients sur-
vived to hospital discharge. Energy dose did not predict
survival, and some of the survivors received extremely
high doses.

Is it necessary to provide attenuated energy dosing to
children given the apparent wide therapeutic range?

Excessive energy doses, even with biphasic waveforms, can
be detrimental to myocardial tissue and may result in
serious dysfunction or serologic evidence of damage.93,94

Defibrillation with full adult dosing doubles troponin
levels in small swine who receive even biphasic adult dose
defibrillation compared to the animals who received the
attenuated dosing. As with any other therapy, the applica-
tion and energy dose should be optimized for the patient.
Since pediatric pads are available and deliver an appropri-
ate dose for children, their use should be strongly encour-
aged, rather than settling for adult pads that deliver larger
doses than are necessary. Children deserve the same stan-
dard of care as adults receive. An adult AED should only be
used if the pediatric pads are not available.16

Arrhythmia identification

Theoretical concerns exist concerning the capacity of
AEDs to detect VF in the pediatric patient because of
smaller cardiac mass in children. The American Heart
Association recommends that manufacturers document
the sensitivity and specificity of the algorithm for pediatric
arrhythmias. Recent reports indicate high sensitivity and
specificity of adult algorithms within two commercially
available AEDs.14,79 (Table 26.1) Both studies surpassed the
recommendations of the AHA for specificity and sensitiv-
ity in all but one category.95

Analysis of the electrogram characteristics of rate, stabil-
ity, and conduction as determined by one AED algorithm
did demonstrate differences between shockable and non-
shockable rhythms recorded from adults and children.
(Fig. 26.1) Heart rate of both shockable and non-shockable
rhythms and conduction scores were statistically higher in
children than in adults. (Fig. 26.2) These data highlight the
importance of using multiple criteria to make a shock des-
ignation in children. A third manufacturer has developed
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Table 26.1. Sensitivity and specificity of AEDs for
pediatric cardiac rhythms

Medtronic

Philipsa Physio-Controla Zollb

Number of patients 191 203 220

Number of rhythms 696 1561 693

Sensitivity (%) 100 99.5 99.8

Specificity VF (%) 96 99 100

Specificity VT (%) 75 70 93.9

VF Ventricular fibrillation, VT Ventricular tachycardia.
a Adult algorithm validated with pediatric rhythms.
b Algorithm developed with pediatric rhythms.



an algorithm based solely on pediatric rhythms, which
is activated when the pediatric pads are attached to the
device.78 This algorithm, although not yet field-tested,
also demonstrates very high sensitivity and specificity
(Table 26.1).

Simplistic algorithms with only rate criteria will likely
provide a lower specificity for children, potentially result-
ing in inappropriate shocks. It is vitally important that each
manufacturer test its algorithm against a database of pedi-
atric rhythms that includes multiple age groups, especially
infants less than 1 year and rhythms with heart rates
greater than 250 bpm.

Field use of AEDs in children

Field data of AED use in children has been difficult to
collect, because cardiac arrest in children is an uncom-
mon event. Thus, retrospective and postmarketing studies

become important. Using the cardiac arrest database
established by the Emergency Services Learning Resource
Center at the University of Iowa, we performed a retro-
spective study of AED use during out-of-hospital cardiac
arrest in patients less than 16 years old.76 We reviewed the
years 1988–1997, when AEDs were first coming into wide-
spread use in Iowa. Eighteen instances of AED application
were reviewed. Average patient age was 12 years (range,
5–16 years). AEDs had a sensitivity of 88% and specificity
of 100%. There were no instances of a shock recommen-
dation for a non-shockable rhythm. We observed 33% sur-
vival in patients who received a shock as opposed to 11%
survival with non-shockable rhythms.

More recently, the results of a postmarketing survey of the
attenuated pads have established accurate rhythm detec-
tion with substantial survival. By voluntary reports of use, 27
patients with cardiac arrest (0 days to 23 years, median 2
years), were confirmed. Ventricular fibrillation was reported
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in 8 cases (age range, 4.5 months to 10 years, median 3
years). Shocks were delivered to all VF patients, average
shock number 1.9, range 1–4. All patients had termination of
VF, were admitted to the hospital, and five survived to hos-
pital discharge. Non-shockable rhythms were reported in 16
patients, and the AED appropriately did not advise a shock.
Eleven of these patients had asystole or PEA as their initial
rhythm and did not survive to hospital discharge. One
report contained no additional information other than that
the patient did not survive, and in two other reports, the
pads were not applied to patients. More details about the
youngest patient have been described in a separate report.96

Implications

Although children are less likely to suffer from ventricular
fibrillation than are adults, it does occur in 10%–20% of
pediatric cardiac arrests. The technology is now available to
recognize and treat ventricular fibrillation in children as
quickly as we can for adults. As this technology gains
increased acceptance, resuscitation rates and outcomes for
VF in children should approach those now seen in adults.

Cost-effectiveness

Introducing AEDs somewhere in the community will gener-
ate questions of cost to set up and to maintain the program.
Also, questions may arise as to whether this money is wisely
spent. Such questions of the relationship between the cost
of a program and the effectiveness of that program, cost-
effectiveness, are common in decisions in medical pro-
grams: not all decisions on AED programs are made within
the framework of the medical domain. Examples are the
airport act and the public building act, in which the US gov-
ernment enforced implementation of AEDs by law. Also, the
decision of individuals acquiring an AED for their offices or
home may be guided more by feelings of responsibility
towards their employees or their family, without explicit or
implicit cost-effectiveness considerations. After one airline
showed the effectiveness of AED use on board airplanes(9),
other airlines may have adopted AED programs more out of
fear of litigation or consideration of marketing than consid-
eration of cost-effectiveness.

For medical decisions regarding treatment choices,
however, considerations of cost-effectiveness are more
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Fig. 26.2. Heart rates of non-shockable rhythms from adults and children. Data normalized to compensate for different numbers in

database. Reprinted with permission from ref. 14.
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common and the principles can also be applied to AEDs in
the community, especially when financial resources in a
country are limited. Data are available for estimates of the
costs of introduction of AEDs. These costs must be sepa-
rated into the cost for the organization that purchases the
AED and maintains the program, and the medical costs
that will be incurred when a patient is brought to the hos-
pital when resuscitation is successful. From the moment
ambulance help is requested, the subsequent costs of
emergency room care and hospital care are no longer
borne by the organization that decided on the AED
program. Nevertheless, these costs must be taken together
for a complete analysis, because costs should be analyzed
from the perspective of society.

It is difficult to attribute accurately those costs to an AED
program, that are made after resuscitation and hospital
admission to an AED program, even assuming the need to
do so. Costs may increase: indeed, that the patient survived
to admission and medical costs were incurred may be
attributed to the use of the AED. Some costs may decrease:
for example, earlier defibrillation may result in better neu-
rological condition on admission and thus result in avoid-
ance of, or a shorter stay in intensive care.97

The effectiveness of introducing AEDs in the com-
munity should lead to increased survival. In general, this is
expressed in added quality-adjusted life–years. None of the
studies that investigated the benefit of AEDs has extended
the endpoint beyond discharge from the hospital, an end-
point that may not completely reflect the effect of AED use,
as the cost of long-term care will not be included. When
cost-effectiveness analysis is done, many components of
cost or effectiveness must be derived from other studies,
assumptions, or models.

When calculating effectiveness, the effect from the AED
program on the survival rate observed in the specific
population must be distinguished from the effect on the
general population. Public Access Programs targeted to
specific groups in specific places may have a significant
survival benefit to that group, but may have very little effect
on the survival rate for cardiac arrest in the general popu-
lation. In general, PAD programs are targeted at victims in
public places, where large groups are gathered and can be
reached with a relatively small number of AEDs and
trained rescuers: casinos, airports, public buildings,
offices, sport arenas, and others. In these kinds of location,
the collapse is generally witnessed, AEDs are close by and
response times are short. Nonetheless, as at most 20% of
victims of cardiac arrest are in these locations and 80%
suffer a cardiac arrest in residential areas not suitable for
PAD programs, the impact on the survival in the general
population by these programs is necessarily limited. The

PAD trial included 16% of the AEDs placed in residential
areas and showed no survival benefit for victims in those
residential areas, although the overall survival doubled in
the trial.12 An analysis of cardiac arrests in Scotland
suggested that the great majority of victims (79%) suffered
their cardiac arrest in places not suitable for PAD
programs.98

Determinants of cost-effectiveness of AED
implementation

Analysis of cost-effectiveness establishes that incidence
rate of cardiac arrest and response times are the main
determinants of cost-effectiveness.99 When rates are high
(about�0.5 incident per AED per year) and response times
to defibrillation by rescuers with an AED are short (� 5–6
minutes), then implementing a PAD program can expected
to be cost-effective.

Will AED programs designed for victims in residential
areas be cost-effective? From the possible settings of AED
implementation (dispatched (non-traditional) first respon-
ders, on-site responders, home use with high-risk patients
and PAD), only dispatched first responders or home AEDs
would potentially be suitable for victims in residential areas
and therefore might be cost-effective. There are no studies
published in this domain that allow a direct estimate of
cost-effectiveness, but comparing key figures from the PAD
trial and three controlled dispatched first responder studies
may give some insight in the relative cost-effectiveness of
the two strategies.

Table 26.2 compares the key resources used (number of
AEDs used and number of rescuers trained) and the
absolute number of victims saved (difference in survival to
discharge among groups) by the institution of the AED
program. Although the costs of resources may differ, the
numbers suggest that dispatched first responders may be
more cost-effective than PAD programs and have the added
important benefit that they can reach all victims, at home
and in public areas. With less than one-tenth of the rescuers
required to be trained and with a few percent of the AEDs
needed by dispatched first responders compared to those
in the PAD study, about the same number of patients were
saved by the program. Although all studies were controlled
with the associated possible Hawthorne effect, they are real
population-based studies, so that the comparison can be
translated to routine use. Importantly, in many countries,
dispatched first responders do not exist as part of EMS. In
that situation, a dispatched first responder program with
AED such as police, is a real addition to existing EMS and
can be expected to be beneficial. When a dispatched first
responder program already exists (e.g., fire fighters in the
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US), however, then adding another dispatched first
responder may not have much added value.100

AEDs for home use will be purchased by individuals
based on considerations other than cost-effectiveness. The
effectiveness of such programs is as yet unknown and the
outcome of the “HAT trial” will be the first information
from a large scale study in that domain. The results are not
expected before 2007. Until then, the cost-effectiveness of
such a program cannot be considered.

The AED in the Guidelines 2005

In December 2005 new guidelines for cardiopulmonary
resuscitation were published, with special reference to the
use of the AED in several chapters.17,101 Several changes in
the guidelines are also reflected in the settings of the AED.

The defibrillation energy settings of the AED are now
similar to the recommended energy settings of the manual
defibrillator, both for monophasic waveform and biphasic
waveform AEDs.

As one of the very important elements of the new guide-
lines, the significance of rapid institution of chest
compressions and immediate resumption of chest com-
pressions after a defibrillation shock, is emphasized. From
experience with the AED we have learned that the modern
biphasic defibrillators have a very high success rate in ter-
mination of VF, whereas immediately after the shock the
probability of detecting return of perfusion is low, even
when the rhythm after the shock is an organized one. As a
consequence, the shock algorithm now includes only one
shock, which is immediately followed by a period of chest
compressions. Only after 2 minutes of uninterrupted chest
compressions is the rhythm checked again, a second defib-
rillation shock is delivered when VF is present at that time
or CPR resumed again for 2 minutes when VF is not
present. There is no pulse check for lay rescuers after the
shock and no lengthy assessment of signs of life. Only

when spontaneous breathing appears to be normal, are
assessment of signs of life or signs of a circulation recom-
mended, postponing chest compressions and ventilation
while the signs of life or return of a pulse is confirmed.

These changes in the algorithm have profound implica-
tions for the voice prompts that guide the rescuer in the
actions during the use of the AED. It is expected that these
changes in the voice prompts will reduce the hands-off
time as previously instructed by the voice prompts that
had resulted in unnecessarily long periods without CPR.15

Future developments

As described in the first part of this chapter, AEDs have
developed into highly sophisticated tools and can hardly
be compared with the first devices of 30 years ago, which
could do no more than detect and treat a shockable
rhythm. It is certain, however, that developments will not
stop now; some new developments are already being
applied to current models.

The ability to assist the rescuer in doing Basic Life
Support will become more prominent. As the importance
of continued chest compressions, even when an AED is
used, is now recognized, both speed of chest compressions
and compression depth will be monitored by transducers
and the rescuers will be aided by a metronome and voice
prompts or other signals to keep the chest compressions
optimal in rate and depth. As chests are not uniform in size,
shape, and compliance, however, other tools to give feed-
back for optimal chest compressions should be developed.
Potentially, feedback from blood flow resulting from chest
compressions will be more informative than the mechan-
ics of the compression. These are complex and yet unre-
solved biomedical problems, but the work must be done.

Finding better ways to diagnose circulatory arrest are
needed. Our lay criteria of unconsciousness and absence
of normal breathing are quite limited in their ability to
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Table 26.2. Comparison of key resources and outcome between the PAD trial and three controlled dispatched first
responder studies

Number of Number of Duration of Number of victims saved in the study period 

Study AEDs used rescuers trained study (months) (no. experimental minus no. control)

PAD trial12 1650 19,376 21 15

Myerburg8 1900a 1900 20b 13

Capucci50 39 1285 22 8

Van Alem54 50 1650 24 11

a Each police officer retained his own AED, also off duty; b control period and experimental period not concurrent, calculated as if

concurrent.



identify a victim of circulatory arrest and tools that can
identify the absence of blood flow could be very helpful, as
many victims of cardiac arrest are not immediately recog-
nized. It is possible that AEDs of the future will recognize
gasping, and prompt initiation of CPR when a gasping
breathing pattern is recognized.

Although AEDs are designed to shock, none is designed
to pace the heart. Although asystole from prolonged VF is
probably not responsive to pacing, asystole during com-
plete heart block may well be. Also, postshock asystole may
respond to pacing and it must be investigated whether this
paced organized rhythm will also result in a paced perfus-
ing rhythm, as already known and implemented in the
Implantable Cardioverter Defibrillator.

There is no doubt that AEDs will be cheaper in the future.
It will be important to distinguish true reduction in pro-
duction costs from savings made by reducing or not
including valuable features. As the volume of sales
increases, larger scale production will lower these produc-
tion costs. Reducing cost should then further increase their
wider use. Nonetheless, as the survival rate from circula-
tory arrest remains low, even when AEDs are available, new
developments of proven benefit should not be held back by
cost considerations.

There will be many more developments not yet visible
on the horizon. The hope now is that there will remain suf-
ficient profit from AED manufacturing to provide adequate
funding for the research that is needed to make the AED of
the future even better than the current excellent machines.
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Introduction

The development of automated external defibrillators
(AEDs) enabled the potential life-saving benefit of rapid
defibrillation to be extended into locations outside tradi-
tional boundaries. Defibrillation with these devices could
now be provided by minimally medically trained persons
such as firefighters and police officers. The survival benefit
from AED deployment by such users led to the presumption
that even more rapid defibrillation might be provided by
placement of AEDs in public settings where large numbers
of persons are present, and where defibrillation might be
accomplished by even less-trained persons, and possibly
even by persons not trained at all in AED use. And thus
emerged the initiative known as public access defibrilla-
tion, or PAD. In this chapter, experience with PAD is
described in several different settings, fortunately with
acquisition and reporting of data to permit analysis of out-
comes. Experience to date is surely encouraging, yet ques-
tions remain. Pell and colleagues have raised such
questions pertaining to cost-effectiveness and have recom-
mended expansion of first-responder defibrillation such as
by police or firefighters and bystander cardiopulmonary
resuscitation as more defensible options to PAD.1–3

In the PAD Trial reported by Peberdy in this chapter the
low number of events is disheartening in light of the mag-
nitude of the commitment in terms of numbers of persons
trained and devices deployed, and the multiple locations
in which AEDs were deployed. This observation may reflect
yet another reality: the incidence of ventricular fibrillation
(VF) as the presenting rhythm in out-of-hospital arrest set-
tings is declining at an impressive rate, as reported now by
several cardiac arrest investigators.4–11 This reality imposes

new obligations on those who advocate widespread
deployment of AEDs in public settings. It will be necessary
to define strategic locations where event rates are likely to
confer cost-effective and life-saving benefit. The experi-
ence from the UK reported in this chapter appears to affirm
that such locations can be identified.

Experience with PAD in the USA

Historical perspective

Public access defibrillation was first conceptualized by the
American Heart Association’s (AHA) “Future of CPR” Task
Force in 1990. Although it was well recognized that the
majority of cardiac arrests occur in the home, the thought
of having lay persons respond with an AED to victims of
cardiac arrest in public places was enticing. This model
created the possibility for delivering defibrillation faster
than most traditional EMS responses, and carried with it
the hopes for substantial improvements in survival from
out of hospital cardiac arrest. On the basis of recommend-
ations of this task force, the AHA created an “AED Task
Force” under the leadership of Dr. Myron Weisfeldt. This
task force was responsible for the inclusion of the PAD
concept in the 1992 AHA Guidelines on Cardiopulmonary
Resuscitation and Emergency Cardiac Care. The following
statement from the 1992 Guidelines provided a “large
picture” view for what would be needed to begin to
promote the concept of early defibrillation by non-
traditional first responders.12

The placement of automated external defibrillators (AEDs) in the

hands of large numbers of people trained in their use may be the key
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intervention to increase the survival chances of out-of-hospital

cardiac arrest patients ... The widespread effectiveness and demon-

strated safety of the AED have made it acceptable for nonprofes-

sionals to effectively operate the device. Such persons must still be

trained in CPR and use of defibrillators. In the near future, more cre-

ative use of AEDs by nonprofessionals may result in improved sur-

vival ... Participants in the national conference recommended that

(1) AEDs be widely available for appropriately trained people, (2) all

fire-fighting units that perform CPR and first aid be equipped with

and trained to operate AEDs, (3) AEDs be placed in gathering places

of more than 10,000 people, and (4) legislation be enacted to allow

all EMS personnel to perform early defibrillation.

The first PAD conference was held in Washington, DC in
1994. Scientists, clinicians, members of the American
Heart Association, representatives of the National Heart
Lung and Blood Institute, and industry leadership met and
collectively confirmed the need for future research and
investigation in this area. Again, on the basis of the discus-
sions during this conference, an official AHA Statement on
Public Access Defibrillation was published in 1995.13 This
statement both supported the concept and began to
develop a defined scope for PAD.

Early bystander cardiopulmonary resuscitation (CPR) and rapid

defibrillation are the two major contributors to survival of adult

victims of sudden cardiac arrest. The AHA supports efforts to

provide prompt defibrillation to victims of cardiac arrest.

Automatic external defibrillation is one of the most promising

methods for achieving rapid defibrillation. In public access defib-

rillation, the technology of defibrillation and training in its use are

accessible to the community. The AHA believes that this is the next

step in strengthening the chain of survival. Public access defibril-

lation will involve considerable societal change and will succeed

only through the strong efforts of the AHA and others with a com-

mitment to improving emergency cardiac care.

Public access defibrillation will include (1) performance of

defibrillation by laypersons at home and by firefighters, police,

security personnel, and non-physician care providers in the com-

munity; and (2) exploration of the use of bystander-initiated auto-

matic external defibrillation in rural communities and congested

urban areas where resuscitation strategies have had little success.

The second PAD conference was held in 1997 and the
recommendations published in 1998.14 This international
meeting further defined several details of implementation
of the early PAD program and defined the original “four
levels” of responders:

Level 1: Traditional first-responder defibrillation
This level includes defibrillation efforts by police, highway
patrol personnel, and firefighter personnel. In many loca-
tions, firefighters are the first responders to cardiac emer-
gencies, and yet they are often prohibited by regulations
and state codes from providing early defibrillation.

Level 2: Non-traditional first-responder defibrillation
This level includes defibrillation efforts by lifeguards,
security personnel, and airline flight attendants.

Level 3: Citizen CPR defibrillation
This level refers to citizens and laypeople that have
received AED training. These individuals are interested in
providing emergency cardiac care, usually in the setting of
a home in which a family member who is a high-risk
patient resides.

Level 4: Minimally trained witness defibrillation
This level refers to individuals who happen to witness a
cardiopulmonary emergency and have an AED available
(for example, through a worksite defibrillation program).
In general, this level occurs most commonly in the home or
at a worksite where one group of people has been trained
and other groups have not. The untrained witness wants to
help out and assist, but she has not yet received formal
AED training. Another example of this level is possible if
AEDs become accessible in the so-called “fire-extinguisher
mode,” in which the AED location is displayed promi-
nently and any witness to an emergency has access to these
devices. At present, both Food and Drug Administration
and state regulations permit physician prescription of
AEDs to individual homes. This level will become more fea-
sible with the introduction of newer technology that pro-
vides more voice prompts to the user, automatic 911
dialing, and possibly 911 dispatcher-assisted defibrilla-
tion.

This leveling system divided potential responders into
two main categories of “public safety responders” (Levels
1 and 2) and “lay citizen responders” (Levels 3 and 4).
Attention was initially focused on increasing the numbers
of public safety responders, since these persons may
already be called upon as part of their job to respond to a
potential cardiac arrest emergency. As efforts to imple-
ment widespread PAD programs at all levels continued it
became clear that there were substantial regulatory barri-
ers that negatively affected the ease and rapidity with
which these programs could be developed. The Cardiac
Arrest Survival Act (CASA) was passed into law in 2000. This
act called for recommendations for the placement of AEDs
in all Federal buildings and addressed the issue of partial
immunity under the Good Samaritan Law. It also called for
the publishing of training and implementation guidelines
in the Federal Register, and served as the first Federal
recognition of the importance of PAD. Much legal progress
has been made since the passing of the CASA in the USA.
Every state now has its own legislation supporting PAD,
and also has specific wording in the local Good Samaritan

Public access defibrillation 497



laws for lay first responders and those acting in good faith
while responding to cardiac arrest emergencies.

Other regulatory decisions have also assisted in promot-
ing the widespread implementation of PAD throughout the
USA. The Rural AED Bill was passed in 2000, which author-
izes the use of up to $25 million in federal funds to help
rural communities purchase AEDs and train first respon-
ders how to use them. In 2001, the Federal Aviation
Administration ruled that all commercial aircraft carrying
at least 30 passengers and one flight attendant are required
to have an AED on board. The law also required the train-
ing of all flight attendants in how to perform CPR and use
an AED. Final compliance for this ruling was in 2004. Also
in 2001, the government released new guidelines for the
placement of AEDs in federal facilities such as post offices,
military bases, and federal parks to stress the importance
of an optimal response time of less than 3 minutes.

Until recently, AEDs could only be purchased with a pre-
scription and had to be used under the medical direction
of a physician. This potential barrier for widespread
placement of AEDs in public places was overcome in
September, 2004 when for the first time the Food and Drug
Administration granted marketing clearance for the over-
the-counter sale of one manufacturer’s AED designed
specifically for lay users. AEDs can now be purchased
and used in the USA without prescription or physician
oversight.

Clinical perspective

Clinical adoption of early defibrillation with AEDs has
evolved tremendously in the United States, and has
demonstrated a multipronged approach to delivering
defibrillation as early as possible to victims of cardiac
arrest. Many EMS systems did not have first responder
defibrillation capability as recently as a decade ago. One of
the first mechanisms for implementation of PAD was to
focus on early defibrillation by public safety personnel,
such as emergency medical technicians, paramedics, and
fire and police first responders, and eventually equipping
nearly all ambulances throughout the country with AEDs.
Fire department personnel and police are the backbone of
the public safety primary response in the USA. Over 80% of
police and fire agencies respond to medical emergencies
and provide some level of clinical care. Adding defibrilla-
tion with AEDs theoretically should improve survival by
reducing the time from collapse to first shock. White and
colleagues studied the outcome of adult cardiac arrest
patients in Rochester, Minnesota from 1990 through
1995.15 The first arriving personnel delivered the shock. Of

the 84 patients in the study, 31 (37%) were initially shocked
by police. Thirteen of the 31 had return of spontaneous cir-
culation and all survived to discharge. The remaining
18 patients required ACLS and had a 27% survival to dis-
charge. Fifty-three patients were shocked by paramedics
and 14 survived without the need for ACLS. There were
9 survivors from the 38 patients who required ACLS. This
study showed the effectiveness of early defibrillation with
AEDs by both police and paramedics, and demonstrated
that it is the rapidity with which the shock is delivered that
determines the outcome, irrespective of who delivers the
shock. Other results evaluating first responder defibrilla-
tion with law enforcement officials have varied, depending
on factors such as the efficiency of the control systems, dis-
tance traveled to rural areas, absence of a medical response
culture, unease with acting as a medical care provider, vari-
able medical direction, and frequency of refresher train-
ing.16,17 Most cities and larger suburban areas in the USA
now use public safety personnel as first responders to
deliver early defibrillation.

As the concept of PAD became more widely accepted,
the effort to involve more truly “lay” first responders
increased. The next level of penetration for AEDs was in
equipping first responders who have a “duty to act” in
public places as part of their job but not necessarily with a
medical response. On-site security officials and flight
attendants became the next level of personnel to be trained
in the use of an AED to respond to victims of cardiac arrest.
American Airlines was the first US-based airline to equip
its aircraft with AEDs, train flight attendants how to use
them, and publish their results. There were 36 cardiac
arrests in the first 2 years of the program, with 15 in docu-
mented (13) or presumed (2) VF.18 Forty percent (6/15) of
subjects with VF survived. All 6 survivors were among the
11 VF arrests that occurred in the aircraft. One of the major
dilemmas to improving survival from cardiac arrest in the
air is that many cases are not acted upon quickly, because
the person may be assumed to be sleeping. For further
improvement of the impact of AEDs in the airline industry,
AEDs began to be placed in airport terminals much in the
way that fire extinguishers are distributed throughout a
facility. Chicago’s O’Hare and Midway airports were the
first to describe their findings from placing 59 AEDs
throughout their terminals spaced for a retrieval time of
less than 3 minutes.19 Although security officials were
trained in how to use the AEDs, almost all of the devices
were in glass-faced cabinets accessible to the public. Of the
80 million passengers that pass through these airports
annually, 21 suffered a cardiac arrest (18 VF) in the first 2
years of the program. Eleven were successfully resuscitated
and all but one had long-term neurologically intact
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survival. Half of the rescuers had no training or previous
experience in the use of an AED.

Valenzuela et al. trained security officers in US casinos to
perform CPR and use an AED.20 They reported a survival to
hospital discharge rate of 53% in the 105 patients suffering
a VF arrest. Of those cases that were witnessed (86%), the
mean time interval from collapse to attachment of the
defibrillator was 3.5�2.9 minutes, from collapse to first
shock was 4.4�2.9 minutes, and from collapse to arrival of
EMS was 9.8�4.3 minutes. This was one of the first large-
scale trials of non-traditional first responders improving
survival with on-site, early layperson defibrillation.

In an effort to acquire further data on more widespread
use of AEDs by true laypersons in a variety of public places,
the Public Access Defibrillation Trial was undertaken.21

The PAD trial was a prospective, community-based, multi-
center study that randomized public and multifamily resi-
dential locations from 24 cities throughout the United
States and Canada to have lay, on-site volunteers trained in
CPR alone vs. CPR plus an AED. The purpose of this trial
was to determine whether or not trained laypersons
without a duty to act would save more lives from out of
hospital cardiac arrest by using an AED in addition to CPR
compared with CPR alone. Sites qualified for participation
if they had the equivalent of�250 adults over the age of 50
for 16 hours per day, or a history of one or more cardiac
arrests in 2 years. Locations with on-site personnel with a
duty to respond to medical emergencies, such as law
enforcement officers or nurses, were excluded. Over 20 000
volunteers from 993 community units were trained to
perform CPR and access EMS, with additional training in
the use of the AED in the units randomized to this inter-
vention. The AED arm received 1600 AEDs that were dis-
tributed at a density to achieve retrieval and return to the
victim within 3 minutes or less. Sixteen percent of the study
units were residential, and 84% were in public places and
facilities. A total of 526 presumed cardiac arrests occurred
during the study period, yielding 235 definite cardiac
arrests after blinded review. Survival was achieved in 31
cases in the CPR�AED arm and 16 cases in the CPR only
arm (RR�2.0, CI�1.07–3.77). Adverse events were rare
and consisted mostly of device theft and varying levels of
emotional distress on the part of the volunteer responder.
There were no failures to shock when indicated, and no
inappropriate shocks. No patient or volunteer was harmed
by the use of an AED.

The PAD trial provides the first large-scale, randomized,
controlled study that not only documents improved sur-
vival, but also demonstrates the safety of AEDs when used
by trained lay volunteers in public locations. Evidence from
the PAD trial should be generalized with caution. The sites

chosen to participate had a significant percentage of people
over the age of 55, who therefore were at higher risk for
cardiac arrest. This, coupled with the unexpectedly low
event rate, could lead to difficulties in prospectively deter-
mining the optimal public places for PAD programs. Since
all volunteers were trained in both CPR and the use of an
AED, when appropriate, these data should not be extrapo-
lated to programs using untrained lay first responders.
Finally, the true impact of PAD programs should be consid-
ered in relation to overall survival from cardiac arrest.
Numerous studies have previously determined that approx-
imately 80% of cardiac arrests occur in the home. PAD trial
data show that only 0.6% of cardiac arrest victims in resi-
dential locations survived to hospital discharge, compared
to 29.9% for those arresting in a public place. If nationwide
PAD implementation occurred throughout the USA and a
similar doubling of survival was seen, an add-itional 2000 to
4000 lives would be saved out of the more than 450 000 out-
of-hospital cardiac arrests that occur annually.

The National Institutes of Health is currently sponsoring
the Home AED Trial (HAT), scheduled to complete enroll-
ment in late 2005 and to conclude in 2007. HAT is a ran-
domized, controlled unblinded investigation evaluating
the impact of home AED placement on survival of patients
at high risk of sudden death. Eligible persons must have
had a previous anterior wall myocardial infarction, no ICD
placement, and have a live-in companion willing to use the
AED if needed. The HAT provides first responder instruc-
tion via video, rather than traditional “hands-on” training.
Information from this trial will help determine the safety
and effectiveness of home AED use in high-risk patients
with first responders who have not had mandatory tradi-
tional training in CPR or use of the AED.

Experience with PAD in Europe

From a technical perspective, the performance of defibril-
lation by minimally trained operators including laypersons
became possible with the development of reliable auto-
mated external defibrillators in the late 1980s.22,23 At that
time a scheme to investigate this strategy was established
in Europe by Douglas Chamberlain at Victoria Station, one
of London’s principal railway termini. Members of the
British Transport Police working at the station were taught
basic resuscitation techniques and how to use an auto-
mated defibrillator. During the first year of operation, five
lives were saved by what was probably the first PAD
scheme in the World.23

Subsequent guidance documents and position state-
ments published by resuscitation authorities and applica-
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ble to Europe have aimed to guide the adoption of PAD
2000.24 With the exception of England, however, progress
in Europe has been limited. Several reasons have been
advanced for this and are well summarized in the
European Society of Cardiology – European Resuscitation
Council recommendations for the use of AEDs.25 This
policy document was developed from the proceedings of
an international conference on PAD held in 2002, which
included resuscitation experts from most European coun-
tries. Problems with the initiation of PAD schemes and
reasons for the slow initial progress in Europe identified at
this conference include the following.
1. A lack of generally applicable models or defined strate-

gies for community resuscitation schemes and their
likely effectiveness.

2. Regulations in some countries that seriously limit or
even forbid the use of defibrillators by lay responders.
Fortunately these outdated laws are gradually being
replaced by more appropriate contemporary legisla-
tion.

3. Lack of clear guidance about who should be responsi-
ble for providing equipment and for administering such
programs or who should act as responders.

4. Concerns about the cost of implementing PAD schemes
and a lack of evidence about cost effectiveness.

5. A lack of consensus on training requirements. Common
International standards have been proposed as an ideal
but have yet to be agreed or implemented.26

6. Uncertainty about the legal status of operators of AEDs
with the possibility in some countries that a civil claim
for damages might be bought against the user. These
concerns have been assessed as a major problem to the
implementation of PAD schemes in general and have
been identified as a very important issue in Germany.27

In contrast, a detailed analysis undertaken in England
by lawyers with the help of expert medical advisors
raised only minor concerns.28,29

7. The need for common definitions and audit standards.
Although there has been little international discussion
about this, the issue has been addressed in detail in
England.30,31

Such schemes that have been reported from European
centers have evolved to suit the requirements and condi-
tions of individual countries or locations.30–36 Other reports
have investigated the feasibility and potential benefit of
introducing PAD, in some cases as a prelude to their intro-
duction.2,8,34–40 These surveys, often based on theoretical
projections based on epidemiological data, have reported
variable results.

One established strategy is to place AEDs in high-risk
locations where they are operated by trained lay persons

who work at the site.33,41,42 This arrangement has come to
be known as “on-site” defibrillation, and dramatically suc-
cessful results have been reported.41,42

The alternative strategy is to equip trained “first respon-
ders” who are usually despatched by ambulance control
centers with AEDs.32 This is common practice in the UK,
particularly in remote rural areas of England and Wales.
The responder may be a lay volunteer or a member of the
police or fire service; a report from Austria has even
described patrol members in alpine skiing resorts acting
in this role.43 Some workers have reported schemes that
use a mixture of first responder and on-site defibrilla-
tion.33,35 The important distinction is that “first respon-
der” has to travel to a potential casualty; they may reach
the scene more quickly than a conventional EMS
response, but can only rarely match the response inter-
vals seen with “on-site” schemes. The results have been
less favorable, particularly when the response is
delayed.32,44

Public access defibrillation in England: evolution
towards a national scheme

Of importance is that there are different arrangements for
the administration of health services in the individual
countries that constitute the United Kingdom. The largest
proportion of the population (49 million) live in England
with health services administered by the Department of
Health (DH) in London. In Scotland (5 million) and Wales
(2.9 million) the responsibility rests with devolved national
administrations. Decisions made in London for England
may or may not be adopted by the other countries.

During the 1990s, PAD in the UK gradually evolved along
the two major pathways described, largely through the
generosity of the British Heart Foundation (BHF), a major
national charity. AEDs were supplied to ambulance ser-
vices for use by lay first responders, to some individual
police forces, and to a few fire services. In most cases, the
introduction depended on the enthusiasm of individual
services, but in the fire service there was considerable
opposition from one of the fire brigade trade unions that
restricted deployment to a limited number of services.

At the same time AEDs were also supplied by the BHF for
use in an “on-site” role. Managers of exhibition halls,
concert venues, sporting stadia, shopping centers, and
gymnasiums / leisure centers all installed AEDs, very often
with the help of the BHF, and arranged training for their
staff. This deployment was largely “reactive” and carried
out according to the applications received.

During this time, the voluntary first aid societies,
particularly St. John Ambulance, acquired AEDs and
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arranged their deployment among their trained members
(usually, but not exclusively, lay first-aiders) undertaking
public duties on their behalf; again the BHF provided a
major source of funding. Many of these constituted an “on-
site” strategy, with the operator deployed with an AED at
the site of an event attended by large numbers of the
general public. Many anecdotal accounts of successful
resuscitation at sporting events, Remembrance Day ser-
vices, and other events testified to the value of having an
AED available.

Audit of these schemes was at first carried out by some
individual organizations for their own purposes, and later
systematic audit was established when a national scheme
for the audit of all lay AED use was established by the
Resuscitation Council (UK). This employs a specially
designed computer database and report form described
elsewhere.31

The English National Defibrillator Program

The major boost to PAD, and one of the principal reasons
why the concept is so far advanced in the UK, came when
the Government of England announced in 1999 the intro-
duction of a scheme to place AEDs in busy public places so
that some victims of sudden cardiac death could be resus-
citated.45 Funding was allocated at the outset for both the
purchase of equipment and training.

The first phase of the program, which concerned the
location of almost 700 AEDs, was administered by full-time
staff working from central government offices in London.
Considerable input to the planning, administration, and
audit of the scheme came from medical advisors. The
details of this scheme and its introduction have been
described in detail previously.29 Briefly, AEDs were located
in busy public places identified from routine ambulance
service data as sites where cardiac arrest commonly
occurred. Staff who worked at these sites volunteered to be
trained in basic life support and the use of an AED in
classes lasting 4 hours. A standardized competency-based
curriculum with adequate manikin practice is taught at
each location, supplemented by the use of simulated
cardiac arrest scenarios. Whereas in London, trainers from
St. John Ambulance undertake the classes, at sites outside
London, training is provided by the statutory ambulance
services.

AEDs are located in unlocked protective cabinets at the
selected locations in a density that ensures that equipment
is available within notional 2 minutes’ walk from any part
of the premises to which the public has access.

Biphasic waveforms were used in all the defibrillators.
Data about each resuscitation attempt are recorded at the

location in a format compatible with the Utstein system for
uniform recording of prehospital resuscitation attempts.
Experience gained during this phase of auditing the
program led to the design of the report form and audit
methods described in detail elsewhere. The intervals
between collapse and the institution of basic life support
(BLS) and defibrillation are usually estimated, but are
sometimes supported by data from ambulance dispatch
centers or other control systems. The data on the report
form is analyzed in conjunction with a download of data
stored electronically in the memory chip in the AED, so
that detailed analysis can be undertaken of both the elec-
trocardiogram and the procedures undertaken during
each event.

Results

The detailed audit possible with a scheme that formed a
part of routine healthcare provision provided by the
National Health Service has yielded valuable informa-
tion.38,39 The ambulance services consulted had indicated
that the most common public places where they attended
patients with cardiac arrest were transport facilities, partic-
ularly airports and mainline railway stations. Ferry termi-
nals, underground railway stations, and bus stations were
also identified. Many such sites were duly equipped with
AEDs and reported every deployment of the equipment to
a potential patient. In the first 250 such deployments,41 182
were to actual cases of cardiac arrest. The remaining 68
deployments were either as a precaution to casualties who
had been taken ill for other reasons, or because initial
reports had suggested the possibility of cardiac arrest. In
one case, an AED was attached to a passenger who although
conscious, looked very unwell. The AED subsequently
documented the onset of ventricular tachycardia which
degenerated into VF that responded to a single shock with
the restoration of a perfusing rhythm.

As would be expected, the great majority (177/182) of
arrests were witnessed. A high proportion (82%) showed
VF as the first recorded rhythm; 8% showed asystole; 7%
severe bradycardia; and the remainder idioventricular
rhythm. The overall survival rate after defibrillation was
impressive: 29% in patients presenting with VF/VT and
25% when all rhythms are considered (Table 27.1).

Of 143 cases of VF/VT where downloads were available,
one or more shocks were administered (range 1–16) in 140
cases. One VF waveform was below the sensitivity of the
device and equipment or operator failure occurred twice.
The first shock terminated the arrhythmia at least tran-
siently (at least 5 seconds) in 132 cases. In 74, only 1 shock
was required before the patient was transferred to the
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care of paramedics. None of the patients without first
shock success survived to discharge. Of 44 survivors,
32 only required 1 shock on site; the remainder required 2
or more.

In most cases, the electrodes were attached to the casu-
alties an estimated 3–5 minutes after collapse. Data
obtained from ambulance services attending the sites
showed average response times of 8–12 minutes. “Response
time” is the interval between identification of the main
complaint in the control center and the arrival of the ambu-
lance at the scene. It does not take into account the time
taken to locate a telephone and make the emergency call,
interrogation by the call taker, or the time taken to reach
and assess the patient after arrival (likely to be a few further
minutes at a large station or airport). The use of AEDs by
those working at the site is likely to have reduced the time
between collapse and defibrillation considerably and is
doubtless a major factor behind the excellent results
achieved.

The figures presented here are the first formal evaluation
of a European “on-site” PAD scheme. The results are com-
parable with those reported from other schemes, predom-
inantly in the USA.18–21 None of this evidence was
published at the time that the English scheme was initiated
(1999) and it represented a bold move on the part of the
relevant government agencies involved.

Further evidence about the effectiveness of on-site
defibrillation is available from the Resuscitation Council
(UK) database.30 This incorporates the DH data men-
tioned above with the results from several hundred AEDs
supplied by the BHF. In 317 resuscitation attempts using
AEDs placed in public places, shocks were administered in
247 (78%), ROSC occurred in 114 (36%), and 62 (20%) were
discharged from hospital. Once again, the electrodes were
placed on the casualty promptly, within 3–5 minutes of
collapse. These figures were obtained from 138 arrests at
airports, 69 at railway stations, 66 where members of the
voluntary first aid societies provided an AED at a public

event, 8 at underground railway stations, 7 at other trans-
port facilities, 11 at shopping centers, and 18 at gymnasia
or other sporting facilities.

The English National Defibrillator Program (NDP): The
next stages

The original proposal for the implementation of PAD on a
national basis in England included the siting of a total of
3000 AEDs in the community. The second phase of the
NDP began in 2004 and saw an important change of direc-
tion, with the provision of PAD becoming the responsibil-
ity of the 31 local ambulance services in the country and a
core part of their NHS service provision. Funding was sup-
plied through an award from the Big Lottery Fund
(a National Lottery, some of the proceeds of which are
used for community projects), and a close working rela-
tionship was established between the BHF and the DH
who became partners in the administration of the next
phase of the program. The funding was allocated to the
procurement of the additional 2700 AEDs, to funding
additional staff in ambulance services, and for adminis-
tration and training.

The responsibility for implementation at a local level rests
with the individual ambulance services, the additional AEDs
being allocated according to a “needs assessment” under-
taken by each service. Some will be used in an “on-site” role
to build on the experience obtained during the first stage of
the program. Others will be used by lay first responders
under the control of the local ambulance service. At the time
of writing, this process is at an early stage of implementation
and no results are yet available. Audit is expected to be
carried out as a routine in each service, however, and results
should therefore be available in the future.

The partnership between the BHF and the DH also pro-
vides the opportunity to incorporate the AEDs already
donated by the BHF (around 2000 by 2005) into the
national strategy for PAD.
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Table 27.1. Outcome of cardiac arrest by type of site and initial rhythm

Known VF/VT
All rhythms

Patient group Proportion 95% confidence Proportion 

Type of site surviving (%) interval (%) surviving (%)

Airports 21/83 (25) 17–35 22/101 (22)

Railway stations 19/50 (38) 26–52 19/58 (33)

Other 3/13 (23) 8–50 3/18 (17)

Total 43/146 (29) 23–37 44/177 (25)

Percentages are shown in parentheses, with 95% confidence intervals for survival proportions of those with known VF/VT by tape of site.



First responders in England

While there now exists a firm evidence base for the use of
static AEDs installed in busy public places, the situation is
less clear for their use by first responders in Europe. One
prospective randomized trial in Amsterdam32 that used
police or fire personnel as first responders reported higher
rates of ROSC and admission to hospital, but numbers sur-
viving to discharge were not increased. Delays in calling for
help, in handling emergency calls and in despatching were
thought to have been the factors that reduced the potential
effectiveness of first responders. Another study carried out
in Piacenza, Italy has shown a tripling of survival (from 3.3
to 10.5%) with the introduction of 39 AEDs used by lay vol-
unteers who achieved a reduction in response time of
slightly more than 1 minute compared to that of the local
EMS.33 12 of the AEDs were placed in lay-staffed ambu-
lances, 15 in police cars, and 12 were installed “on-site” at
high-risk locations. It is not clear how many of the arrests
were actually treated by first responders and how many
were treated “on-site,” but the fact that 86.7% of the arrests
occurred at home suggests the majority were “first respon-
der” resuscitations.

The Resuscitation Council (UK) database contains
records of arrests attended by first responders before the
arrival of EMS, and a preliminary report has been pre-
sented.44 A preliminary analysis of a more extensive series
of 651 arrests attended by lay or fire service first responders
dispatched by ambulance control centers, is shown in
Table 27.2. In the UK, patient confidentiality issues prevent
the methodical collection of hospital outcome data. Every
patient in whom ROSC is achieved is followed up, but it is
not always possible to establish whether or not they sur-
vived. The numbers of survivors may therefore be slightly
higher than shown in the table. It is clear, however, that
the results are very much poorer than those achieved by

on-site respoders, almost certainly related to the much
longer time taken to reach the patient and attach the AED.

PAD in other locations

In 2002, Capucci and colleagues reported their first
experience with deployment of AEDs in Piacenza and the
surrounding region in Italy.35 Lay responders trained in AED
operation were added to those deployed by police and fire
vehicles and in public assistance volunteer groups who
assisted in the care and transportation of the ill. These agen-
cies and responses were grouped collectively under the des-
ignation Piacenza Progretto Vita (PPV). During the first 22
months of this initiative, 34/143 (23%) of the patients in the
PPV group were in ventricular fibrillation and 33/211
(15.6%) of those in the EMS group. Neurologically intact
survival in the PPV group was 12/34 (35%) and 5/33 (15%)
in the EMS group. This difference was of borderline statisti-
cal significance (P � 0.058), although the number of
patients in each group is small.

In 2000, Wassertheil et al. published their experience
with early defibrillation using a tiered response strategy in
two public locations in Australia (the Melbourne Cricket
Ground and the Shrine of Remembrance). Manual defib-
rillators were used during the first half of the study by
ambulance officers and certified nurses. In all 28 arrests,
VF was the presenting rhythm and 20 (71%) were dis-
charged.46 This study might be considered a precursor to
what is now known as PAD.

Kuisma and colleagues described preliminary results
in a community-based pilot study in Helsinki.34 AEDs were
placed in seven public locations where the event rate
was predicted to justify inclusion in such a trial. Over the
3-year period of study there were only 7 events in the PAD
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Table 27.2.

Lay ambulance Fire service

Responders Responders Total

Number 533 118 651

Time a (min) 8 12

Shocked 186 36 222 (34%)

ROSC 68 12 80 (12%)

Discharged 21b (3.9%) 2 (1.7%) 23 (3.5%)

Outcome of cardiac arrests attended by first responders.
a Median time from receipt of call to placement of AED pads, estimated in some cases.
b Some arrests witnessed by a first responder dispatched to a patient judged at risk of cardiac arrest.

Percentages are shown in parentheses.



locations, and only 4 of these were in VF. None were dis-
charged from the hospital. There were 13 patients in the
control group, 6 of whom were in VF on EMS arrival. Four
were discharged. Obviously the numbers are very small
and thus it is not possible to draw definitive conclusions.
The authors pointed out an important observation: only
50% of the patients were in VF, again raising the question
of cost-effectiveness in the presence of a declining inci-
dence of VF.

In Brazil, a number of PAD initiatives are being under-
taken, with legislation supporting such initiatives. At this
time no patient outcome data have been reported. Varig
Airlines, the Brazilian national air carrier, was one of the
early commercial air carriers to equip its aircraft with
AEDs. To date there is only one very preliminary reported
experience with this approach, confirming the feasibility
of equipping aircraft with AEDs and training flight atten-
dants in their operation. Patient outcome data, however,
are too limited to permit conclusions regarding overall
cost-effective benefit.47

Conclusions

The results reported in this chapter provide important
insights into the potential benefit of deployment of AEDs in
public settings. The acquisition and reporting of accurate,
credible incidence and survival data from PAD experience
will provide a definitive process for assessing benefit from
PAD programs in various locations. Without such data we
will be left with anecdotal accounts of success, and such
accounts will not in themselves be of benefit in defining the
most cost-effective, durable lifesaving approaches to provi-
sion of defibrillation in various out-of-hospital cardiac
arrest settings. Benefit of deployment of AEDs in home set-
tings remains a completely unanswered question at this
time. It is to be hoped that results from the Home Automated
Defibrillation Trial (HAT Trial) will provide insight into this
question, but that study will not be concluded until 2007.
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Introduction

Ventilation – the movement of fresh air or other gas from
the outside into the lungs and alveoli in close proximity to
blood for the efficient exchange of gases – enriches blood
with O2 and rids the body of CO2 by movement of alveolar
gas out of the lungs to the outside.1

The importance of ventilation in resuscitation is reflected
in the “ABCs” (airway, breathing, circulation), which is the
recommended sequence of resuscitation practiced in a
broad spectrum of illnesses including traumatic injury,
unconsciousness, and respiratory and cardiac arrest. Since
the modern era of cardiopulmonary resuscitation (CPR)
began in the early 1960s, ventilation of the lungs of a victim
of cardiac arrest has been assumed to be important for suc-
cessful resuscitation.

This assumption has been questioned and the role of
ventilation during resuscitation has been the subject of
much research for more than a decade.2 A number of labor-
atory studies of CPR have shown no clear benefit to venti-
lation during the early stages of cardiac arrest with
ventricular fibrillation.3–5 Furthermore, exhaled gas con-
tains approximately 4% CO2 and 17% O2, thus making
mouth-to-mouth ventilation the only circumstance in
which a hypoxic and hypercarbic gas mixture is given as
recommended therapy.6 With the introduction of the 2000
Guidelines for Cardiopulmonary Resuscitation, a new,
evidence-based approach to the science of ventilation
during CPR was introduced and continues with the publi-
cation of the 2005 edition. New evidence from laboratory
and clinical science has led to less emphasis being placed
on the role of ventilation following a dysrhythmic cardiac

arrest (arrest primarily resulting from a cardiovascular
event, such as ventricular fibrillation or asystole).
Nevertheless, the classic airway patency, breathing, and
circulation CPR sequence remains a fundamental factor
for the immediate survival and neurological outcome of
patients after asphyxial cardiac arrest (cardiac arrest pri-
marily resulting from respiratory arrest).

This chapter reviews pulmonary anatomy and physiol-
ogy, key historical studies of ventilation in respiratory and
cardiac arrest, the effect of ventilation on acid–base condi-
tions and oxygenation during low blood flow states, the
effect of ventilation on resuscitation from cardiac arrest,
manual, mouth-to-mouth, and newer techniques of ven-
tilation, and current recommendations for ventilation
during CPR.

History of artificial ventilation and CPR
techniques

With the onset of cardiac arrest, effective spontaneous res-
piration quickly ceases. Attempts to provide ventilation for
victims of respiratory and cardiac arrest have been
described throughout history. Early descriptions are found
in the Bible7 and in anecdotal reports in the medical litera-
ture of resuscitation of victims of accidents and illness.
Early examples of mouth-to-mouth ventilation are
described in the resuscitation of a coal miner in 1744,8 and
in an experiment in 1796 demonstrating that expired air
was safe for breathing.9 In 1954, Elam and colleagues
described artificial respiration with the exhaled gas of a
rescuer using a mouth-to-mask ventilation method.10,11
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Descriptions of chest compression to provide circulation12

can be found in the historical literature of more than 100
years ago. Electrical defibrillation had been applied in
animal laboratory research since the early 1900s and by
Kouwenhoven in 1928.11

The modern era of CPR began when artificial ventilation,
closed-chest cardiac massage, and electrical defibrillation
were combined into a set of practical techniques to initiate
the reversal of death from respiratory or cardiac arrest.
Resuscitation is associated with hypoperfusion and conse-
quent ischemia. Recent studies suggest dual defects of
hypoxia and hypercarbia during ischemia.13 Thus, the
primary purpose of CPR is to bring oxygenated blood to the
tissues and to remove carbon dioxide from the tissues until
spontaneous circulation is restored. In turn, the purpose of
ventilation is to oxygenate and to remove carbon dioxide
from blood. The “gold standard” of providing ventilation
during CPR is direct intubation of the trachea, which not
only affords a means of getting gas to the lungs, but also
protects the airway from aspiration of gastric contents and
prevents insufflation of the stomach. Because this tech-
nique requires skill and can be difficult during cardiac
arrest, other airway adjuncts have been developed when
intubation is contraindicated or impractical because of
lack of user skill.

Before the arrival of an ambulance, ventilation given by
bystanders must employ techniques that do not require
special equipment. Manual methods of ventilation (i.e.,
the Sylvester method, the Shafer prone pressure method,
and others) consisting of the rhythmic application and
release of pressure to the chest or back and lifting of the
arms had been in widespread use for 40 to 50 years prior
to the rediscovery of mouth-to-mouth ventilation. These
manual techniques had been taught in Red Cross classes,
to lifeguards, in the military, and in the Boy Scouts as
recently as the 1960s, before being replaced by mouth-to-
mouth ventilation as the standard for rescue breathing.
Safar and Elam first showed that obstruction of the upper
airway by the tongue and soft palate occurs commonly
in victims who lose consciousness or muscle tone and
that ventilation with manual techniques is markedly
reduced or prevented altogether by such obstruction.14,15

Subsequently, Safar and colleagues developed techniques
that prevent obstruction by extending the neck and jaw
and applying this in conjunction with mouth-to-mouth
ventilation.16 Although mouth-to-mouth ventilation has
been studied extensively in human respiratory arrest and
has been shown to maintain acceptable oxygenation and
CO2 levels, its evaluation in laboratory models of cardiac
arrest and in actual human cardiac arrest has been
limited.

Pulmonary physiology during low blood flow
conditions

Effects of hypoxemia and hypercarbia on pulmonary
airways

During respiratory and cardiac arrest, hypoxemia and
hypercarbia gradually increase over time. The concentra-
tions of both oxygen and carbon dioxide affect ventilation
and gas exchange. Hypoxemia has variable effects on
airway resistance, which is the frictional resistance of the
airway to gas flow and is expressed by:

Airway resistance (cm H2O/l/s)�pressure difference 
(cm H2O)/flow rate (l/s)

A number of studies in animals and humans, albeit with
effective circulation, have shown that hypocapnia causes
bronchoconstriction resulting in increased airway resist-
ance, while the effect of hypercapnia on the airways is
inconclusive.17–22 In one study, when end-tidal CO2 was
increased from between 20 and 27 mmHg to between 44
and 51 mmHg, airflow resistance decreased to 29% of the
initial mean.17 Other studies have shown, however, that
hypercapnia causes an increase in airflow resistance
through a central nervous system effect mediated by the
vagus nerve.18–22 It appears that hypocapnia causes bron-
choconstriction and increased resistance to flow through a
direct local effect on airways, whereas hypercapnia causes
increased airway resistance through action on the central
nervous system.18–22

Hypoxic pulmonary vasoconstriction

Hypoxic pulmonary vasoconstriction is a physiologic
mechanism that minimizes venous admixture by diverting
blood from underventilated, hypoxic areas of the lung to
areas that are better ventilated.23 Pulmonary vessels perfus-
ing underventilated alveoli are normally vasoconstricted.
This effect is opposed by increases in the partial pressure of
O2. Hypoxic pulmonary vasoconstriction matches local
perfusion to ventilation, increasing with low airway PO2

and low mixed venous PO2. The greater the hypoxia, the
greater the pulmonary vasoconstriction until a point is
reached where vasoconstriction becomes so intense and
widespread that the response becomes pathologic and pul-
monary hypertension develops.24,25

Hypoxic pulmonary vasoconstriction is inhibited by res-
piratory and metabolic alkalosis and potentiated by meta-
bolic acidosis.26 In addition, pulmonary vasoconstriction
is more pronounced when pulmonary artery pressure is
low and is attenuated by increased pulmonary vascular
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pressure.26 Hence, a consequence of low inspired O2 con-
centration, as occurs during mouth-to-mouth ventilation,
could be decreased blood flow caused by increased pul-
monary vascular resistance. Whether hypoxic pulmonary
vasoconstriction occurs during cardiac arrest and CPR is
unknown, and warrants evaluation because hypoxemia
occurs commonly.

The ventilation/perfusion ratio (V
.
/Q

.
ratio): the

relationship of blood flow and ventilation during
low flow conditions

During normal cardiac output, ventilation is closely
matched with perfusion through a series of physiologic
mechanisms exemplified by the maintenance of alveolar
and arterial PCO2 within a range close to 40 mmHg at rest.
But during low blood flow states, the ventilation–perfusion
relationship becomes altered.

When systemic blood flow decreases, the flow of blood
through the lungs decreases as well. With less venous CO2

delivered to the lungs, less is available for elimination via
exhalation and the concentration of CO2 in exhaled gas
decreases. Because CO2 elimination is diminished, CO2

accumulates in venous blood and in the tissues. Mixed
venous PCO2 thus reflects primarily systemic and pul-
monary perfusion and is an indicator of the tissue acid–base
environment. On the other hand, during low flow condi-
tions arterial PCO2 and PO2 reflect primarily the adequacy of
alveolar ventilation. During low rates of blood flow, if alveo-
lar ventilation is adequate, blood flowing through the pul-
monary capillary bed is overventilated because of a large
ventilation–perfusion mismatch. The relationship between
alveolar ventilation and pulmonary blood flow is expressed
in the ventilation–perfusion ratio equation:27

where is alveolar ventilation; is the volume of blood
flowing through the lungs each minute; 8.63 is a factor relat-
ing measurements made at body temperature, ambient
pressure, and saturated with water vapor (BTPS) to meas-
urements made at standard temperature, pressure, and dry
(STPD); R is the respiratory exchange ratio (CO2 minute
production/O2 consumption); CaO2 is arterial oxygen
content; is mixed venous oxygen content and PaCO2

is the partial pressure of alveolar CO2.
This equation appears simple, but it can be solved only

by numerical analysis with a computer because alveolar
PO2 is an implicit variable (i.e., alveolar PO2 decreases when
alveolar PCO2 increases)(Fig. 28.1). The ventilation perfu-
sion ratio equation predicts that as pulmonary blood flow

C v O2

Q
.

V
.
a

V
.
a�Q

.
 �  8.63  R   (CaO2 � C v O2) �PaCO2

decreases (increasing ratio), arterial PO2 and mixed
venous PCO2 will increase and arterial PCO2 will decrease
(Fig. 28.2). It predicts that, as pulmonary perfusion is
further reduced ( ratio approaches infinity), arterial
PO2 and PCO2 approach the composition of inspired gas. In
contrast, if blood flow is present, but alveolar ventilation is
absent ( ratio is zero), arterial PO2 and PCO2 approach
the composition of mixed venous blood. A study of ventila-
tion during precisely controlled low blood flow conditions
found that arterial and mixed venous blood gases behaved
as the equation predicts: as blood flow decreased, arterial
PCO2 decreased and PO2 increased.28

Although mixed venous blood gases provide more accu-
rate assessment of perfusion during resuscitation, it can
be obtained during CPR only rarely; usually a pul-
monary artery catheter is already present. Animal labora-
tory work seems to suggest that the intraosseous blood
gas analysis can be a viable alternative to venous pH and
PCO2 measurements during cardiopulmonary resusci-
tation. In a swine pediatric model of hypoxic cardiac
arrest, the intraosseous blood gas correlated closely to the
mixed venous gas within 15 minutes of cardiopulmonary
resuscitation. Beyond this time, the intraosseous blood
gas reflected more local acid–base conditions or the effect
of intraosseous administration of medications than mixed
venous blood gas.29

Gas exchange and the transport of oxygen and carbon
dioxide in blood

Hemoglobin is the principal protein of red blood cells and
functions importantly in the transport of O2 and in the
elimination of CO2 through the carbamate and bicarbon-
ate pathways.30 Although hemoglobin is usually consid-
ered solely in its role as a carrier of oxygen from the lungs
to the tissues, it has an equally important role as a carrier
of CO2 from the tissues to the lungs. Deoxyhemoglobin
binds about 40% more CO2 than oxyhemoglobin and,
conversely, when hemoglobin becomes oxygenated
during passage through the lungs, CO2 is actively driven
off (Fig. 28.3). This mechanism is referred to as the
Bohr–Haldane effect and is responsible for about 50%
of the total CO2 excreted by the lungs during each circula-
tion cycle.31,32 The principle mechanism of the Bohr-
Haldane effect is the binding of CO2 as carbamate
compounds to the alpha-amino groups of hemoglo-
bin.33,34 When oxygen is released by hemoglobin in the
tissues, a change takes place in the shape of the hemo-
globin molecule, making binding sites available for the
uptake of CO2.35 When hemoglobin takes up O2 in the
lungs, the change in hemoglobin conformation repels

V
.
a�Q

.

V
.
a�Q

.

V
.
a�Q

.
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CO2 and promotes its excretion. Plasma proteins also
function in the transport of CO2, but have only one-eighth
the buffering capacity of hemoglobin.36

A small amount of CO2 dissolves in plasma (5% to 10%
of total CO2) and a much larger amount (60%) is con-
verted to carbonic acid intracellularly in red blood cells
(RBC) through catalytic hydration. Cellular membranes are
extremely permeable to CO2. As RBCs traverse the tissue
capillary bed, CO2 diffuses into them where it is converted
by carbonic anhydrase to carbonic acid, which then disso-
ciates to bicarbonate and proton. The conversion of CO2 to
bicarbonate would soon stop if protons were not buffered
by hemoglobin, and bicarbonate would otherwise be
trapped within the RBC because of its polarity, prevent-
ing diffusion through the RBC membrane. A membrane
transport system rapidly exchanges plasma chloride for
intracellular bicarbonate, however, and preserves the CO2-
carbonic acid-bicarbonate gradient.36 Another important
aspect of the interaction of proton with hemoglobin is its
effect on lowering the affinity of hemoglobin for oxygen and,
by the law of action and reaction, oxygenation of hemoglo-
bin lowers its affinity for proton. When hemoglobin is
exposed to higher concentrations of CO2 from respiring
tissues, the formation of protons helps to unload O2, which
becomes available to tissues. When hemoglobin is oxy-
genated in the pulmonary capillaries, protons are released
from hemoglobin, and bicarbonate is converted back to
water and CO2, which then diffuses out of the blood into the
alveoli. Thus, oxygenation of hemoglobin actively promotes
excretion of CO2 from the lungs, and CO2 from tissues pro-
motes the release of O2 from hemoglobin at the tissue level.

In summary, hemoglobin is the principal protein respon-
sible for lung-to-tissue transport of O2 and tissue-to-lung
transport of carbon dioxide. Hemoglobin transports CO2 as

carbamino compounds and in the form of bicarbonate.
These mechanisms of CO2 exchange and O2 transport
establish that alveolar oxygenation and ventilation as well
as pulmonary blood flow play crucial roles in the removal of
CO2 from the tissues. Because pH and CO2 levels affect the
affinity of hemoglobin for O2, these factors are important
during the treatment of cardiac arrest.

Ventilation during low blood flow conditions

Effect of ventilation on acid–base conditions and
oxygenation

Acid–base conditions and oxygenation are important
factors in resuscitation from low blood flow states such as
shock37–42 and cardiac arrest.43–48 Hypoxemia and hyper-
carbic acidosis critically reduce the force of myocardial
contractions,49–53 make defibrillation difficult,54,55 and are
associated with poor outcome.54,55 It has been observed
that, during cardiac arrest, arterial blood gases do not
reflect tissue conditions and that mixed venous blood has
a level of CO2 that is frequently twice the level of the arter-
ial side.51,52,58

Arterial and mixed venous metabolic acidosis and mixed
venous hypercarbic acidosis are associated with failure of
resuscitation from cardiac arrest.43,46,48 Studies of both
human and animal cardiac arrest have shown that during
CPR, the pH of blood is largely determined by the concen-
tration of CO2

56–71 and that arterial blood is often alkalemic
whereas mixed venous blood is acidemic because of differ-
ences in CO2 levels. A recent Norwegian study measured
arterial PCO2 and pH in patients receiving tidal volumes of
500 ml vs. 1000 ml several minutes after intubation during
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out-of-hospital cardiac arrest (mean time, approximately
15 minutes).72 The study showed that mean PCO2 was 28
and 56 mmHg with 1000 ml and 500 ml tidal volume,
respectively. These results indicate that tidal volume
affects arterial PCO2 and pH significantly: larger tidal
volume is associated with respiratory alkalosis and smaller
tidal volume is associated with respiratory acidosis.

The arteriovenous PCO2 gradient increases substantially
during CPR and returns to near normal when spontaneous
circulation is restored.13,38,57,62,64,73–75 The CO2 gradient likely
results from reduced blood flow through the lungs,
decreased pulmonary elimination of CO2, accumulation
of CO2 on the venous side of the circulatory system,
and overventilation of blood entering the arterial side
(Fig. 28.4).13,56,62,73 A recent study showed that changes in
ventilation could affect excretion of CO2 even when blood
flow rate is as low as 12% of normal.28 In addition, with
decreasing blood flow, the decrease in end-tidal CO2 paral-
lels the decrease in arterial PCO2. Thus, both arterial PCO2

and end-tidal CO2 vary directly with blood flow, while
mixed venous PCO2 varies inversely with blood flow.

Mixed venous PCO2 and pH can be improved with
proper ventilation and become worse with hypoventila-
tion. Nevertheless, there are major interactions among
the mechanics of positive pressure ventilation, intrathor-
acic pressure, and blood flow. Positive pressure ventila-
tion can have such a profound effect on hemodynamics
that overventilation can result in decreased blood flow
and worse tissue hypoxia and hypercarbia. This issue is
discussed in greater detail in the section on ventilation
and hemodynamics.

Effect of ventilation on ventricular fibrillation and
defibrillation

Sudden death is thought to be a primary cardiac electrical
event and may not be a result of myocardial injury,
although there is often underlying myocardial ischemia,
which can reduce electrical stability and lead to ventricu-
lar ectopy. The event is often fatal and is probably initiated
by ventricular tachycardia, or ventricular fibrillation.
Investigations have shown that hypoventilation, hypox-
emia, hypercarbia, and metabolic acidosis can lower the
threshold for ventricular fibrillation as well as affect the
tendency of the heart to develop ventricular arrhythmias.
Further, arterial hypoxemia has been shown to cause
arrhythmia by excitation of the autonomic nervous system
and by affecting vagal tone.76 Both hyperventilation and
hypoventilation are associated with severe ventricular
and supraventricular arrhythmias.77 Hypoxemia and other
factors such as hypoglycemia, hyper- and hypokalemia

cause ventricular fibrillation by shortening the duration of
the cardiac action potential.78 Hypercarbia without hypox-
emia has been shown to lower the ventricular fibrillation
threshold and respiratory alkalosis raises the ventricular
fibrillation threshold and enhances spontaneous recovery
from ventricular fibrillation.79 In another study, ischemia,
but not hypoxemia, lowered the ventricular fibrillation
threshold.80

The effect of ventilation on the defibrillation threshold,
which is the minimum electrical energy required for defib-
rillation of a fibrillating ventricle, has not been studied
directly. Instead, the defibrillation threshold has been
investigated under conditions of hypoxemia, and meta-
bolic and hypercarbic acidosis, either alone or in combi-
nation.46,48,54,81 The findings of different studies have been
somewhat contradictory, but generally show that the
defibrillation threshold is unaffected by acid-base condi-
tions existing either before or during CPR. However, more
recent studies using animal models of cardiac arrest
suggest that hypercarbia is associated with ventricular
fibrillation refractory to defibrillation.46,52,55 Coronary
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perfusion pressure, duration of untreated ventricular fib-
rillation, and duration of CPR are critical factors known to
affect success of defibrillation.82

A human study of factors that influenced the success
of defibrillation found that arterial hypoxemia and
acidemia, and delay in defibrillation attempts were asso-
ciated with failure to defibrillate,54 but it was not possible
to distinguish the effect of these factors independently
because they tended to occur together. A canine study, in
which ischemia, ventricular hypertrophy, hypoxemia,
acidosis, and alkalosis were well-controlled independent
variables, did not find an adverse effect of these factors on
defibrillation threshold.81 Surprisingly, hypoxemia was
found to lower the threshold for defibrillation. Another
study found that metabolic acidosis, but not metabolic
alkalosis or respiratory acidosis or alkalosis, lowered the
threshold for ventricular fibrillation.83 More recent labor-
atory CPR studies of hypercarbic acidosis found a sub-
stantial reduction in rate of resuscitation. Although the
defibrillation threshold was not investigated, four of six
animals ventilated with 50% CO2 had refractory ventri-
cular fibrillation.46 In other studies of acid-base condi-
tions, most animals with sufficient coronary perfusion
pressure during CPR were defibrillated, but only animals
without substantial hypercarbia recovered adequate
cardiac output.52,55,84–88 A recent study of human CPR also
found that return of spontaneous circulation was associ-
ated with improved levels of arterial and mixed venous
PO2 and PCO2.44

There are important differences in physiology during
normal cardiac output and CPR that may not be widely
appreciated. For example, high levels of arterial and mixed
venous hypercarbia are usually tolerated by humans89 and
animals46,90–93 when there is normal spontaneous cardiac
output. Nevertheless, during cardiac arrest, hypercarbia
substantially reduces success of resuscitation by adversely
affecting myocardial contractility.46,52,55,84–88 At least one
laboratory study found that hypercarbia was associated
with refractory ventricular fibrillation.55 In this rat model,
very high levels of inspired and thus, myocardial, PCO2

were produced and may help explain the difference in
findings of another study81 that used more modest levels of
hypercarbia and failed to find an effect on defibrillation
threshold.

Among factors that can affect the likelihood of defibrilla-
tion, the duration of ventricular fibrillation is known to be
of great importance.94 In human CPR, the rate of successful
defibrillation is approximately 80% or more if it is adminis-
tered immediately after onset of witnessed ventricular fib-
rillation, but the chance of survival decreases 7 to 10% for
each additional minute of ventricular fibrillation.95,96 When

bystander CPR is provided, the decrease in survival is more
gradual, about 3% to 4% per minute from collapse to defib-
rillation. A similar effect of duration of ventricular fibrilla-
tion is seen in laboratory CPR models97–99 and may be
explained, in part, by the gradual depletion of myocardial
adenosine triphosphate, which is thought to be a marker
for ischemic tissue damage and the metabolic state of the
myocardium.100 In addition, potassium uptake by myocar-
dial cells is increased during ventricular fibrillation and is
related to hydrogen ion, CO2, and lactate production.101

Earlier work found that the ratio of intracellular to extracel-
lular potassium concentration affected the defibrillation
threshold.102

In summary, hypoxemia and hypercarbia decrease the
threshold for ventricular fibrillation. Hypoxemia and
hypercarbia have a negligible effect on the defibrillation
threshold when the duration of ventricular fibrillation is
brief. Recent studies suggest that hypoxemia and hyper-
carbia make defibrillation more difficult when ventricular
fibrillation persists for several minutes or more.

Effect of ventilation on myocardial force and rate of
contraction

Studies with an isolated heart model demonstrated that
hypoxia and hypercarbia caused a profound decrease in
myocardial force of contraction independent of pH
(Fig. 28.5).53,103–106 In studies that examined the effect
of hypercarbia on isolated spontaneously contracting
myocytes, the rate and force of contraction are inhibited by
modestly increased concentrations of CO2, with pH held at
7.40 and PO2 at 142 mmHg.107 The model demonstrated a
rapid and profound effect of CO2 independent of pH, PO2,
vascular tone, neuroendocrine factors, or inflammatory
mediators. In contrast, isolated decreased blood or per-
fusate pH is not associated with reduced ventricular force of
contraction.49–53 The reason for these differences in myocar-
dial response to extracellular CO2 and hydrogen ion is that
CO2 is a non-polar, lipid-soluble molecule that is permeable
to cellular membranes and diffuses rapidly into the intra-
cellular space. Once CO2 enters the cell, it lowers intracellu-
lar pH by dissociating to hydrogen ion and bicarbonate. In
contrast, hydrogen ion is polar, diffusing at a very slow rate
through cell membranes, and this may account for its lack
of effect on myocardial dynamics under most experimental
conditions.108 There is accumulating evidence that reduced
intracellular pH affects calcium ion flux, exchange, and
binding, and ultimately affects excitation-contraction cou-
pling and myocardial contractility.108

During ventricular fibrillation, the heart continues
to perform work and very likely has energy utilization
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greater than during normal contractions; metabolites in
the form of hydrogen ion, lactate, and CO2 continue to be
produced. With the onset of ventricular fibrillation,
myocardial CO2 tension increases rapidly from a normal
value of approximately 50 mmHg to 350 mmHg and there
is a parallel increase in hydrogen ion concentration
(Fig. 28.6).74,103 As noted above, the removal of CO2 from
tissues depends upon blood flow; thus, coronary blood
flow is an important co-factor influencing levels of
myocardial CO2. A coronary perfusion pressure of less
than 10 mmHg was associated with myocardial CO2 ten-
sions �400 mmHg and failure of resuscitation, while a
coronary perfusion pressure of greater than 10 mmHg
was associated with myocardial CO2 tensions
�400 mmHg and successful resuscitation.109 Decreased
intracellular pH is associated with changes to the struc-
ture and function of regulatory and enzyme proteins and,
if not corrected soon enough, leads to irreversible loss of
cell function and cell death.110

In summary, both isolated hypoxemia and isolated
hypercarbia have a negative inotropic effect on the heart.

Ischemia would be predicted to be a more injurious event
than hypoxemia or hypercarbia alone, because ischemia
causes both decreased delivery of O2 and decreased elimi-
nation of tissue CO2. To the extent that ventilation can
affect the elimination of CO2 and enhance tissue oxygena-
tion, it can likely provide some benefit during cardiac
arrest and CPR. There are promising therapies that perfuse
the heart with oxygen-containing fluorocarbon com-
pounds (SAPO: selective aortic arch perfusion and oxy-
genation) resulting in higher rates of restoration of
spontaneous circulation after prolonged cardiac arrest and
CPR.111

Interaction of hypoxemia and hypercarbia with the
vasopressor effect of catecholamines

The administration of such catecholamines as epineph-
rine during CPR has been considered essential for suc-
cessful resuscitation. Numerous studies and years of
experience treating cardiac arrest have shown that adren-
aline is often a pivotal factor in reversing sudden death by
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increasing coronary perfusion pressure and the likeli-
hood of defibrillation.112 The efficacy of pressors on later
outcome measures such as survival to discharge or neuro-
logical outcome, however, is less certain. The purpose of
this section is to review and analyze the interaction of ven-
tilation with the vasopressor activity of epinephrine and
other catecholamines.

A number of studies have shown that increases in blood
PCO2 in animal models and in humans results in a

decrease in the pressor response to epinephrine and
norepinephrine by more than 50%.113–115 The mechanism
for the failure of blood pressure to increase is primarily
decreased peripheral vasoconstriction and vascular resist-
ance113–119 with a smaller contribution from a cardiac
arrhythmia other than tachycardia113–115 Metabolic acido-
sis (i.e., increased hydrogen ion concentration) has also
been found to inhibit vasoconstriction, but to a much
smaller degree than “respiratory” acidosis (i.e., increased
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PCO2).119 With return of CO2 to normal levels, the
inhibitory effect of hypercarbia on epinephrine activity is
reversed completely within 10 minutes in human volun-
teers with normal cardiac function.118

Hypoxemia also has been found to decrease the pressor
response to epinephrine.51 Hypoventilation, through simul-
taneous hypoxemia and retention of CO2, causes greater
peripheral vasodilation and loss of the pressor effect of epi-
nephrine than does isolated hypercarbia or hypoxemia
alone.51 Few studies specifically examine the effect of venti-
lation on the pressor response to catecholamines during
cardiac arrest and CPR. Successful resuscitation is associ-
ated with epinephrine-induced increases in coronary perfu-
sion pressure, and there are data suggesting that hypoxemia
and hypercarbia may modulate the increase.120,121

Respiratory and circulatory system interactions

Spontaneous breathing produces negative intrathoracic
pressure during inspiration. Therefore, beyond respir-
atory functions of gas exchange, spontaneous ventilation
plays an important role in maintaining cardiac output by
enhancing venous return to the chest and heart.122–124

Venous return to the heart is greatest during inspiration
because negative intrathoracic pressure creates a pres-
sure gradient between thoracic blood vessels and those
outside the chest. In contrast, assisted positive pressure
ventilation with mechanical ventilators and self-inflating
bags produces positive intrathoracic pressure during
inspiration, reducing venous return to the chest and, as
a result, reducing cardiac preload and subsequent
cardiac output. For a given airway pressure, pleural pres-
sure depends on the compliance of the lung and chest
wall. According to the mode of ventilation, airway pres-
sure can be dependent on a number of variables, includ-
ing inspiratory flow rate and time, tidal volume,
ventilation rate, and degree of intrinsic positive end-
expiratory pressure (auto-PEEP). Holding all other
factors constant, the higher the ventilatory rate, the
greater the proportion of time with positive intrathoracic
pressure and thus the greater is the potential for hemo-
dynamic compromise (Fig. 28.7). For example, assuming
an inspiratory:expiratory ratio of 1:1, and an inspiratory
time of 1 second, positive intrathoracic pressure is
present 40% of the time with a ventilation rate of 12/min;
66% at 20/min; and 100% of the time with a rate of
30/min. Auto-PEEP can even occur with ventilation rates
of 30 in normal lungs, or even at lower rates when the
lungs are compromised from such conditions as obstruc-
tive lung disease, or other conditions with impaired
expiratory flow.125,126

Excessive assisted ventilation can impair cardiac
preload and output

The potential detrimental effects of positive pressure ven-
tilation on hemodynamics have been well-known since the
seminal description by Cournand et al. more than a half
century ago, which demonstrated proportionate reduc-
tions in cardiac output as airway pressure increased.127 A
number of studies have shown that both intermittent PPV
and positive end-expiratory pressure (PEEP) can impair
cardiac output even in normally functioning hearts
because of reduced venous return,125–130 A critical factor in
the development of auto-PEEP is the minute ventilation
(due to excessive tidal volume, and/or increased respir-
atory rate) and decreased expiratory time, and it has been
described as a common etiology of pulseless electrical
activity during resuscitation.125,126 Again, the major mech-
anism of cardiac output impairment is diminished cardiac
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preload, and the effects are even more pronounced in pro-
gressively hypovolemic states.127,129,130

Excessive assisted ventilation can lead to brain
ischemia and hypoxia

In the U.S., blunt trauma accounts for approximately
80% of severe injuries, and frequently is associated with
traumatic brain injury (TBI).131 Every year, TBI results in
52 000 deaths and 90 000 people with permanent neuro-
logical disability.132 Secondary insults such as hypoxemia
and hypotension occur frequently in severe TBI, and are
associated with worse outcomes. Although “therapeutic
hyperventilation” has been recommended in the past to
reduce intracranial pressure, it has been shown to reduce
cerebral blood flow enough to cause brain tissue
ischemia, especially when the patient is in shock.133–140

Therefore, the American Association of Neurological
Surgeons now recommends that hyperventilation (PaCO2

�35 mmHg) should be avoided during the first 24 hours
after TBI except when signs of brain herniation are
present or when specialized monitoring is available, thus
excluding the prehospital setting.141 Nevertheless, hyper-
ventilation not only occurs very commonly in the prehos-
pital setting, but often remains the perceived mandate for
patients with TBI.142,143 Hyperventilation during condi-
tions of low blood flow, such as traumatic hypotension
and cardiac arrest, also may further decrease blood flow
to an already ischemic brain.134,135,138,139,144–146 A number of
recent studies have shown that excessive ventilation,
as indicated by ETCO2 levels�30 mmHg, is associated
with increased mortality rates.147,148 Large volume crystal-
loid fluid resuscitation, which is used for hemorrhagic
hypotension, also is associated with increased mortality
in the presence of TBI.149 Therefore, avoidance of hyper-
ventilation may be a useful strategy to avert secondary
brain injury, improve perfusion, and to decrease the
volume of crystalloid necessary for resuscitation of
severely injured people.

Excessive assisted ventilation during shock and
cardiac arrest

Rescuers often are unable to judge appropriate timing
and have a tendency to use excessive ventilation rates
in stressful situations.142,150,151 For example, although
the American Heart Association had recommended about
12 breaths/minute during non-traumatic CPR, respiratory
therapists have been observed to use a mean ventilation

rate of 37/minute (range, 24 to 68/minute).150 Other
studies have documented ventilation rates greater than
20 breaths/minute during in-hospital CPR.152,153 Similarly,
in a recent study of cardiac arrest, the investigators
observed that EMTs were using an average rate of 34
breaths/ minute despite focused training directives not to
do so.151

Positive pressure ventilation rate during low
blood flow conditions

During hemorrhagic hypotension, blood pressure is sub-
stantially affected by the rate of positive pressure ventila-
tion. In one study, systolic blood pressure decreased
significantly when ventilation rate was changed from 12 to
20 breaths/minute and decreased further with 30 breaths/
minute;130 however, blood pressure increased when venti-
lation rate was decreased from 12 to 6 breaths/minute. The
study emphasizes the principle that the duration of
increased intrathoracic pressure is proportional to the ven-
tilation rate when positive pressure ventilation is used.
Another principle is that blood pressure is inversely pro-
portional to ventilation rate.

A study of cardiac arrest and CPR showed that 24-hour
survival was only 1 of 8 animals by using 20 breaths/
minute, and was substantially improved to 7 of 8 animals
when a ventilation rate of 12 breaths/minute was used.151

Other studies showed the best improvement in 24-hour
survival from cardiac arrest occurred with ventilation rates
of 4 to 6 breaths/minute and the greatest oxygen delivery to
tissues occurs with a ventilation rate of 6 breaths/ minute
during CPR.154–160 A recent laboratory study of cardiac arrest
compared CPR that used a compression:ventilation ratio of
15:2 with that of a ratio of 30:2. The study showed improved
coronary and cerebral perfusion pressures and 24-hour
survival with the 30:2 ratio without significant differences
in arterial PO2 or PCO2.161

Recognition of the substantial problem of excessive venti-
lation rate during low blood flow conditions such as cardiac
arrest, the good sense of trying to match ventilation with
perfusion, and the importance of chest compressions
has resulted in significant changes in guidelines for CPR.
The American Heart Association Guidelines 2005 now
recommend that rescuers use a compression:ventilation
ratio of 30:2 during CPR when the victim does not have an
advanced airway (endotracheal tube, laryngeal mask airway,
Combitube, or other device) in place.162 Once an advanced
airway is placed, chest compressions should be given
continuously without interruption for ventilation and no
more than 8–10 ventilations/minute are now recommended.
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When the victim has been resuscitated with return of a pulse,
the recommended ventilation rate is 10–12 breaths/minute.

Tidal volume, pulmonary vascular resistance, and
intrathoracic pressure

The effect of lung inflation on pulmonary vessels is
complex. At abnormally low lung volumes, vessels are col-
lapsed and pulmonary vascular resistance is increased.27

When the lung is inflated, collapsed vessels open and resist-
ance decreases. But at high inflation volumes, alveolar
capillaries are compressed and resistance increases.
Underventilation and ventilation perfusion mismatch at
low lung volumes result in a progressive decrease in lung
compliance and an increase in alveolar–arterial oxygen
tension difference. Because blood flow is inversely related
to pulmonary vascular resistance, if the lungs are poorly
inflated during CPR, pulmonary blood flow may possibly
decrease further. The alpha-adrenergic effect of adrenaline
during cardiac arrest specifically depresses PaO2 absorp-
tion and CO2 elimination of low lung units. Vasopressin
has significantly less adverse effect on pulmonary gas
exchange after CPR. It has been speculated that vasopressin
could exert rehabilitation to pulmonary circulation
through the agonist effect of the V2 vasopressinergic recep-
tor,163 but few data are available in this area.

Continuous positive airway pressure ventilation (i.e.,
CPAP or PEEP) given during both the compression and
release phase of chest compression would be expected to
interfere with venous return and to decrease blood flow
just as it does during spontaneous circulation.164 PEEP can
also be the inadvertent result of excessive tidal volume,
increased respiratory rate, and reduced inspiratory time
(auto PEEP) and has been related to increased incidence of
pulseless electrical activity during resuscitation.125

An impedance threshold device that causes negative
intrathoracic pressure during CPR and hemorrhagic shock
has been shown to increase venous return, right myocar-
dial pre-load, blood pressure, and blood flow to the heart
and brain.165–168 It also has been shown to improve survival
from cardiac arrest and hemorrhagic shock. The device is
based on the physiologic principle that negative intrathor-
acic pressure enhances venous blood return to the chest
and heart, thus making increased cardiac output possible.

Application of continuous positive airway pressure
(CPAP) without active ventilation has been recently
studied in CPR. In a pig model of cardiac arrest, CPAP
titrated to achieve 75% of a baseline end-tidal CO2 was
compared with intermittent positive pressure ventila-
tion.169 A significant difference in both airway pressure and

V
.
�Q

.

diastolic blood pressure was detected between the two
techniques (27�58 mmHg in CPR vs. 13�11 mmHg in
CPRCPAP), and arterial and mixed venous pH, O2 saturation,
and CO2 were improved in the CPRCPAP animals. Cardiac
output did not change significantly between the two
methods. This technique has the potential advantage of
simplifying CPR, decreasing pulmonary atelectasis, and
improving both oxygenation and ventilation. Nevertheless,
it can also have a negative effect on diastolic blood pres-
sure and, thus, on both coronary and cerebral blood flow.

Despite the potential for decreased venous return, it is
possible that very small amounts of positive airway pres-
sure may decrease intrapulmonary shunting, pulmonary
vascular collapse, and atelectasis without adverse hemo-
dynamic effects. Indeed, recent use of a multi-slice CT
scanner to allow dynamic imaging of tridimensional
volume of the lung during CPR suggested that CPAP was
superior to simple volume controlled ventilation or no-
ventilation CPR in maintaining better lung distension and
preventing atelectasis.170

In conclusion, movement of venous blood into the lungs
takes place during the release phase of external chest com-
pression when intrathoracic pressure is low. When the
chest is compressed, intrathoracic pressure rises and
blood moves out of the lungs and heart and into the sys-
temic circulation. Negative airway pressure enhances
blood flow and venous return to the chest, while continu-
ous positive airway pressure ventilation inhibits venous
return and blood flow but decreases lung atelectasis. These
studies emphasize the crucial relationship between venti-
lation mechanics and circulation.

Effect of ventilation on outcome from resuscitation

For over 30 years, emergency ventilation has been consid-
ered an essential component of CPR. There are few studies
and little direct evidence that ventilation affects outcome
from cardiac arrest, although it has been assumed crucial
for resuscitation. Recommendations for ventilation were
based on studies performed in the 1950s and 1960s in
living humans with normal cardiac output.14–16 These
studies presumed that the goal of ventilation during CPR
was to achieve near “normal” tidal volumes and minute
ventilation. Substantially less ventilation may be sufficient
for gas exchange during CPR, however, because cardiac
output and pulmonary blood flow are only 10% to 15% of
normal during manual chest compression.171 As a conse-
quence, the amount of hemoglobin passing through the
pulmonary bed is reduced and the amount of oxygen
necessary to saturate hemoglobin is also reduced if there is
not a large ventilation/perfusion mismatch. Because
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venous return and thus the quantity of CO2 delivered to the
lungs are decreased, the amount of ventilation necessary
to remove CO2 is presumably reduced as well.

The time when ventilation must be initiated during CPR
and the quantity needed to achieve satisfactory results are
unclear. In a canine model of cardiac arrest, arterial pH,
PCO2, and PO2 had no significant change after 5 minutes of
untreated ventricular fibrillation,172 while arterial PO2

decreased from 81 to 69 mmHg under similar conditions in
a swine model.173 In the canine study, there was no signifi-
cant change in arterial PO2 and PCO2 for 30 seconds after
initiation of chest compressions without ventilation. At 45
seconds, arterial PO2 was 52 mmHg, a significant decline.
Another canine study showed that chest compression
alone without assisted ventilation will produce a minute
ventilation of 5.2�1.1 l/min and will maintain O2 satura-
tion�90% for more than 4 minutes.4 A murine study found
that chest compression alone produced tidal volumes of
26% of baseline and, although arterial PCO2 increased to
80 mmHg after 9 minutes, resuscitation rate was not
impaired.5,174 The animals were intubated in all of these
studies. It is likely that ventilation induced by chest com-
pression would be less in non-intubated models, but this
would affect blood gases is unknown.

Other studies have shown that ventilation has an import-
ant role in resuscitation. An early study showed that well
oxygenated dogs had better carotid artery blood flow than
did asphyxiated dogs. This was attributed to loss of periph-
eral vascular tone.175 Weil and colleagues showed that spon-
taneous gasping during cardiac arrest in a swine model
favored successful resuscitation, and also showed that both
the frequency and duration of gasps correlated with coron-
ary perfusion pressure and predicted outcome.176

More recent studies were specifically designed to test the
effect of ventilation on outcome in swine models of CPR.
One study compared a group receiving mechanical venti-
lation during CPR with a group receiving chest compres-
sion alone and a group without chest compression or
ventilation. The duration of untreated ventricular fibrilla-
tion was 30 seconds, followed by 12 minutes of CPR in the
treatment groups. All animals were successfully defibril-
lated and entered a 2-hour intensive care period. After 24
hours, however, only two of eight animals that had no CPR
survived, while all 16 animals survived in the groups
receiving chest compression with and without ventilation.3

Another study allocated 24 swine to groups with and
without ventilation during 10 minutes of chest compres-
sion following 6 minutes of untreated ventricular fibrilla-
tion. Nine of 12 ventilated animals and only 1 of 12
non-ventilated animals had return of spontaneous circula-
tion. The non-ventilated animals died with significantly

greater arterial and mixed venous hypoxemia and hyper-
carbia.177 A follow-up study was done to test whether
hypoxemia or hypercarbia independently affects survival
from cardiac arrest. By using a swine model of isolated
arterial and mixed venous hypoxemia without hypercarbia
in one group, and isolated hypercarbia without hypoxemia
in another group, only 1 of 10 animals had return of spon-
taneous circulation in each group.121

Other experimental work in large animals showed that
survival and neurological outcome up to 48 hours were not
different when ventilation was withheld during resuscita-
tion. These initial studies, although clearly de-emphasizing
the importance of ventilation during the first few minutes of
CPR, were limited by the persistence of an “artificial” patent
airway in the animal, which resulted from the presence of an
endotracheal tube allowing exchange of ventilations from
gasping and chest compressions/decompressions.178,179

More recent studies eliminated the possible influence of
an artificial patent airway in animal models during CPR.
When standard CPR was compared with compression-
only CPR in a pig model in which the airway was occluded,
no difference was found in 24-hour outcome.180 Of note, a
supine, unconscious dog or pig usually has a patent airway,
whereas a supine, unconscious human has an obstructed
airway resulting from the kinked nature of the human
airway. These model differences are rarely discerned in
CPR ventilation experiments, but do have fundamental
clinical importance. These latest observations confirmed
that ventilation for a few minutes after dysrhythmic
cardiac arrest was not fundamental and suggested the
need to test the no-ventilation hypothesis in humans.181

There are important differences among all these studies,
including duration of untreated ventricular fibrillation, the
use of 100% O2 before cardiac arrest, and whether or not
agonal respirations were prevented with a paralytic agent.
Nonetheless, taken together, these studies provide some
evidence that ventilation may possibly be withheld when
chest compression is initiated promptly after cardiac
arrest, but that ventilation is important for survival when
chest compression is delayed.

There are even fewer human studies of the role of ventila-
tion during cardiac arrest. Because ventilation is such a
well-accepted intervention, the ethical considerations of
doing a controlled study by withholding ventilation in one
group have been difficult to overcome. Indirect evidence
pointing to a less important role of ventilation immediately
after cardiac arrest has existed since the early 1990s. For
example, in Seattle, where ambulance response time is
short, patients who were seen to have spontaneous agonal
respiratory efforts immediately after cardiac arrest had a
higher rate of successful resuscitation.182 Another study
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found that hypoxemia and hypercarbia was associated with
the use of the esophageal obturator airway in the field and
also a lower resuscitation rate.65 Mixed venous hemoglobin
oxygen saturation is associated with prognosis for survival
from cardiac arrest; mixed venous pH, PO2, and PCO2 meas-
ured during hemorrhagic shock and cardiac arrest were sig-
nificantly better in those with return of spontaneous
circulation.44,183 In the Netherlands, clinical CPR is given in
the order “CAB” (chest compression– airway–breathing)
with ventilation being delayed and chest compression being
initiated as soon as possible. With use of “CAB,” CPR survival
data from the Netherlands are comparable to those reported
in the USA.184 Human data also suggest that prompt chest
compression after cardiac arrest improves brain and heart
perfusion and the success of defibrillation.185

More human studies have become available in the last
few years. In a prospective, observational study of CPR and
ventilation, chest compression-only CPR, and no CPR, sur-
vival from CPR (i.e., return of spontaneous circulation) was
found to be 16%, 15%, and 6%, respectively.186 Although
both forms of basic life support (BLS) were significantly
better than no CPR, there were no differences between CPR
with or without ventilation. Similar results were reported
more recently in North America in a study of telephone
dispatcher-assisted BLS–CPR in which survival of chest
compression-only CPR vs. mouth-to-mouth ventilation
and chest compression CPR was 14% vs. 10%, respectively,
with a slight trend of survival favoring chest compression-
only CPR.187 Although this study emphasized that CPR
without ventilation is better than nothing, it presents
several limitations in design. Mouth-to-mouth ventilation
performed by a bystander was assumed to be done and was
not observed directly by the investigator at the scene; the
patency of the airway was unclear in some patients, and
primary respiratory arrests were excluded. In addition, if
the bystander knew how to perform CPR, then the patient
also was excluded from the study. Nevertheless, the study
suggested a need to reconsider BLS with a goal of mini-
mizing the time to onset of CPR in the cardiac arrest victim
and maximizing the efficacy of chest compression. When
the concept of this “simplified CPR” was tested in a man-
nequin, effective compression was achieved an average of
30 seconds earlier than with the standard technique, and
the number of compressions per minute were approxi-
mately doubled.188 Dispatcher instructions for chest
compression-only CPR is quite sensible, considering the
difficulty of trying to teach mouth-to-mouth ventilation in
addition to chest compression over the telephone to an
anxious rescuer. Also, trying to teach how to perform ven-
tilation over the telephone takes as much as 1–2 minutes of
time away from doing CPR.

Despite the overall enthusiasm for the relatively positive
results of dispatcher-assisted CPR instructions without
ventilation as described by the providers186,187 it has been
emphasized by independent observers that the concept
of no-ventilation CPR could be a misnomer, because, pro-
vided that the airway is open, patients with ventricular
fibrillation cardiac arrest often exchange a significant
amount of air through gasping.189 Therefore, the term
“CPR without assisted ventilation” has been suggested.
Although the North American literature seems to de-
emphasize the importance of ventilation in the first few
minutes after cardiac arrest, a recent Swedish report of
14 000 patients showed increased survival to 1 month for
“complete CPR” (both chest compressions and ventila-
tion) versus “incomplete CPR” (compression only) (sur-
vival, 9.7% vs. 5.1%; P�0.001).190

In that study, ventilation, and duration of less than
2 minutes between patient collapse and the beginning of
lay bystander CPR, were both powerful modifying factors
on survival at 30 days, emphasizing the need for better and
earlier CPR. A limitation of these out-of-hospital studies is
the lack of proper neurological examination during or
immediately after resuscitation. Therefore, the relative
influence of ventilation on cerebral perfusion is unclear. In
swine models, pupillary diameter light reaction was used
and found to have a reasonable correlation with cerebral
perfusion pressure. However, the animal was ventilated
during resuscitation with a tidal volume of 15 ml/kg at an
FiO2 of 1.0. It is unknown whether these clinical findings
could be used in a human prospective randomized study
during CPR to evaluate the level of influence of ventilation
on neurological outcome.191

It is logical that ventilation should be matched with per-
fusion of blood through the lungs and the systemic circu-
lation. Thus, when blood flow is zero, ventilation
is unnecessary because it would not affect tissue oxy-
genation and CO2 removal. Nonetheless, with CPR tech-
niques that improve blood flow, such as use of device
adjuncts for chest compression, more ventilation may be
necessary.

The duration of ventricular fibrillation before the start of
chest compression is likely to be of significance regarding
the need for ventilation, although the importance of venti-
lation in CPR has been de-emphasized in favor of the need
for more effective chest compression and early defibrilla-
tion. Indeed, it is likely that time of defibrillation is an
important factor in determining whether ventilation is
necessary for successful resuscitation. The etiology of
cardiac arrest is another very important factor related to
the role of ventilation in CPR. Ventilation has primary
importance when cardiac arrest occurs from asphyxia,
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such as in drowning, and is the most frequent cause of
pediatric cardiac arrest.

In summary, recommendations for ventilation during
CPR are based on numerous laboratory studies that are
somewhat contradictory, computer models, and limited
human studies. After evaluating the sum of available evi-
dence, a consensus of international experts continues to
recommend ventilation, although at a reduced rate and
minute volume during CPR and in the postresuscitation
period.162

Techniques of ventilation during CPR

Ventilation techniques that can be used for basic CPR
by the lay public: manual, mouth-to-mouth, and
mouth-to-mask ventilation

In the 1950s and early 1960s alternative methods of artifi-
cial respiration were investigated in addition to mouth-
to-mouth ventilation. A number of studies showed that the
application of external pressure to the chest during
manual maneuvers in normal volunteers caused substan-
tial respiratory tidal volumes that ranged from 50 to
1114 ml (Fig. 28.8).10,14–16,192–197 The rate of manual ventila-
tion was 10 to 12 compressions/minute and total minute
ventilation (the product of tidal volume and respiratory
rate per minute) provided by these techniques was 0.5 to
11.1 l/min. When these techniques were applied to
patients with pre-existing pulmonary disease, tidal
volumes were considerably lower (50 to 540 ml) than in
healthy subjects.197 These studies also noted that tidal
volumes generated by actively expanding the chest with
arm-lift or hip-lift techniques were 20 to 40% greater when
compared with passive chest expansion.195 Techniques
that relied exclusively on passive chest expansion were
ineffective for adequate ventilation and resulted in mean
arterial oxygen saturations of 67% in normal volunteer
subjects.192 Manual techniques that included active chest
expansion produced mean arterial oxygen saturations of
93% in human subjects, and thus were able to maintain
acceptable gas exchange without positive pressure ventila-
tion.192 In contrast with the manual techniques previously
mentioned, pressure applied directly over the sternum of
curarized, intubated volunteers produced mean tidal
volumes of only 156 ml. Furthermore, without intubation,
sternal pressure produced no tidal exchange because of
airway obstruction by the tongue.15 With the head
extended to prevent airway obstruction, however, five of
six patients had tidal volumes greater than 340 ml and
three of six had tidal volumes in excess of 500 ml.

Simultaneous with studies of manual ventilation tech-
niques, mouth-to-mouth ventilation was also studied
extensively. Several research projects were funded by the
Department of the Army because of the urgency of prob-
lems of resuscitation in nerve gas poisoning. In one study,
29 volunteers were paralyzed with curare, and mouth-to-
mask resuscitation was started before the onset of
cyanosis.198 The arterial oxygen saturation of the volun-
teers receiving artificial ventilation was never below 85%
and the mean oxygen saturation was 94%. Alveolar CO2

tensions, measured in 21 patients, were maintained at or
below 50 mmHg. The mean alveolar CO2 concentration
was 5.6% before resuscitation and 3.9% during resuscita-
tion. Expired gas resuscitation produced a fall in alveolar
CO2 concentration in all 12 patients. The authors con-
cluded that with mild hyperventilation, the rescuer readily
converted his exhaled gas to a suitable resuscitation gas.
These experiments were designed to simulate a respiratory
arrest and only healthy volunteers were studied. Whether
exhaled gas would benefit a patient who suffers cardiac
arrest was not considered and has not been investigated.

Because exhaled gas contains CO2, it may have adverse
cardiovascular effects during CPR, but few investigations
have addressed this issue. A study of the effect of ventila-
tion on resuscitation during CPR in an animal model
showed that both hypoxemia and hypercarbia independ-
ently have an adverse effect on outcome from cardiac
arrest. Swine were ventilated with experimental gas mix-
tures consisting of 85% oxygen in a control group, 95% O2

and 5% CO2 in a hypercarbic group, and 10% O2 and 90%
N2 in a hypoxic group. The model succeeded in producing
isolated hypoxemia without hypercarbia and isolated
hypercarbia without hypoxemia. Only one of 10 (10%)
animals could be resuscitated in each of the hypercarbic
and hypoxic groups, while 9 of 12 (75%) animals were
resuscitated in the control group.121

A study of the composition of gas given by mouth-to-
mouth ventilation during simulated one- and two-rescuer
CPR showed that the rescuers exhaled a mean concentra-
tion of CO2 of 3.5 to 4.1% and a mean concentration of O2

of 16.6 to 17.8%.6 Therefore, the gas given by mouth-to-
mouth ventilation has a similar concentration of CO2 and
is more hypoxic than the gas shown to be deleterious in the
above-cited animal study. When compared with mouth-to-
mouth ventilation, room air is a superior gas for ventila-
tion, because it contains 21% oxygen and a negligible
amount of CO2 (0.03%).

Furthermore, when these gas concentrations were used in
a swine model with 6 ml/kg ventilation, profound arterial
desaturation was noted and was shortly followed by hemo-
dynamic instability and hypotension.199 This instability and
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desaturation were not observed if the tidal volume was
increased to 12 ml/kg, or if a fraction of inspired oxygen of
0.70 was used with a tidal volume of 6 ml/kg. Two main fea-
tures make older human studies different from more recent

animal laboratory experiences: the patients described in the
original case reports were typically paralyzed, and the
rescuer hyperventilated to the point of feeling dizzy, and
had an arterial partial pressure of CO2 of about 20mmHg.10
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These differences highlight the need for more controlled
human studies before recommending withholding mouth-
to-mouth ventilation during cardiac arrest.

Of note, an important factor might affect the feasibility
of such studies: a widespread fear of acquiring contagious
diseases from victims of cardiac arrest that has recently
resulted in reluctance among the lay public, and even
some health professionals, to perform mouth-to-mouth
ventilation.

Infectious disease concerns published in the literature
include Helicobacter pylori, Salmonella, Herpes simplex
virus, tuberculosis, HIV, and the hepatitides.200–203 Being
repulsed by the sight of a victim in agony and the fear of
doing harm may also affect the decision to provide mouth-
to-mouth ventilation. Recent surveys of CPR instructors
reported that all would perform mouth-to-mouth ventila-
tion on a 4-year-old drowned child, but only 54% on a
college student, 35% on a hemophiliac, 18% on a stranger
in a bus in San Francisco, and 10% on a person who had
overdosed on heroin.204,205 Awareness of new infectious
disease issues, if not new infectious diseases, has resulted
in the current recommendation of the AHA to use barrier
devices to protect the rescuer against contamination with
any infective secretions.203 Effective barriers against con-
tamination increase efficacy and effectiveness of CPR,
helping the rescuer to overcome fear of contamination and
immediately to start resuscitation. The overall willingness
to perform bystander CPR is disappointingly low in the
United States, Europe, and Japan, however, for laypersons
and healthcare providers alike. Different reasons are likely
responsible for this widespread attitude. In the United
States and Europe, the factor deterring performance of
mouth-to-mouth ventilation by a bystander or health care
provider is fear of contracting infectious diseases. This
differs from the situation in Japan, where unwillingness to
perform mouth-to-mouth ventilation is mostly a result of
lack of confidence in a person’s ability to perform CPR
properly.206 The difference may be related to the 200-fold
lower incidence of HIV in Japan, as compared with the
United States.207

Education and increased retention of proper mouth-
to-mouth ventilation technique is fundamental but diffi-
cult to apply to all populations. The use of television spots
as a means of teaching basic skills of CPR in at-risk popu-
lations has been explored in Brazil. Although television
spots seem to increase skill retention over 1 year, mouth-
to-mouth ventilation and effective external cardiac
compression are recognized as skills that depend on
supervised practice with mannequins. Although the
study is limited, it makes sense to use an alternative
methodology to promote resuscitation skills in the lay

population, including the use of educational clips or sce-
narios in entertaining and motivating television spots.208

Recently, a 20-minute video-based basic life support
course with a new, inexpensive manikin was studied in
two cities and showed skill retention rates at 2 and 6
months that were as good as those seen in students who
took the standard 4-hour course.209,210 In addition, A 5-
minute course on use of an automated external defibril-
lator (AED), when combined with the 20-minute CPR
course, showed equivalent skill retention for correct AED
use 6 months after training when compared with a stan-
dard 4-hour course.211

While recent evidence-based literature acknowledges
the importance and efficacy of CPR without ventilation,
the need for assisted ventilation in cardiac arrest with
asphyxia (cardiac arrest primarily resulting from respira-
tory arrest) or in pediatric populations (generally younger
than 8 years of age) cannot be overemphasized.212 Cardiac
arrest with asphyxia was originally illustrated in the first
case of external chest compressions.213 The rationale of
ventilation during CPR for cardiac arrest is based on the
assumption that CPR delays brain death in no-flow situ-
ations, and that hypoxia and respiratory acidosis can
aggravate the injury. A critical decrease of brain ATP of
25% below the normal level has been observed after 4
minutes in an animal model of decapitated normother-
mic dog.214

In general, arterial partial pressure of oxygen is main-
tained within the normal range for approximately 1 minute
in a dog model of chest compressions without ventila-
tion.215 Furthermore, when asphyxia is the cause of cardiac
arrest, oxygen consumption has reached near complete
exhaustion, and CO2 and lactate have significantly accu-
mulated just before cardiac arrest. This is in contrast to ven-
tricular fibrillation, in which hypoxemia and acidemia
become significant only several minutes after the onset of
cardiac arrest. In a model of resuscitation after asphyxia
(clamping of the endotracheal tube in an anesthetized pig),
the animal subjects were randomly selected to receive
resuscitation with and without simulated mouth-to-mouth
ventilation. Return of spontaneous circulation was noted
only when ventilation was added to chest compression.216

Successful chest compressions and mouth-to-mouth
rescue breathing allowed complete neurological recovery
in 90% of the animals.

The presence of a foreign body obstructing the airway is
an uncommon but important cause of cardiac arrest with
asphyxia, with an incidence of 0.65 to 0.9 per 100 000
cardiac arrests.217 A recent study seems to support in part
the original investigation of Ruben and MacNaughton,218 in
that abdominal thrust is not necessary in foreign body
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choking, and that chest compressions can achieve higher
airway pressure than the Heimlich maneuver.219 Indeed,
when CPR was performed and compared with an abdomi-
nal thrust in the cadaver, median and peak airway pressure
reached a value of 30 cm H2O vs. 18 cm H2O and 41 cm H2O
vs. 26 cm H2O, respectively. Only in a moderately obese
cadaver was the mean airway pressure produced by the
Heimlich maneuver higher than that produced with chest
compression. The European Resuscitation Council (ERC)
also addressed acute asphyxia from airway obstruction.220

Despite recent knowledge that occurrence of ventricular
fibrillation in children may be more frequent than was pre-
viously thought,221 asphyxia is still the most common
cause of cardiac arrest in the pediatric population. The
Pediatric Resuscitation Subcommittee of the Emergency
Cardiovascular Care Committee of the American Heart
Association (AHA) worked with the Neonatal Resuscitation
Program Steering Committee (American Academic of
Pediatrics) and the Pediatric Working Group of the
International Liaison Committee on Resuscitation to
review recommendations on oxygenation and ventilation
in neonatal resuscitation.222 The approach to the recom-
mendations has been the same as that described in the
AHA Guidelines 2000 for adults, which uses five classes of
recommendations centered on evidence-based reviews of
scientific reports. Up to 10% of newborn infants require
resuscitation at birth. The majority, because of meconium
airway obstruction/aspiration, require immediate inter-
vention and assisted ventilation. Because of their unique
physiology, the importance of ventilation/oxygenation in
newborns cannot be overemphasized. Fluid-filled lungs
and intra- as well as extracardiac shunts at birth are physi-
ologically reversed in the first few minutes of extrauterine
life with either spontan-eous or assisted vigorous chest
expansion. Failure to normalize this function may result
in persistence of right-to-left, intra- and extracardiac
shunt, pulmonary hypertension, and systemic cyanosis.
Bradycardia usually follows, with severe hemodynamic
instability and rapid deterioration to cardiac arrest.
Although these physiologic characteristics are typical of
the newborn (minutes to hours after birth), similar events
can be triggered by hypoxia in neonates (first 28 days of
life) and infants (up to 12 months of age). The importance
of proper ventilation/ oxygenation and the small margin of
safety resulting from the unique physiology and high
oxygen consumption of the newborn mandate the need
for immediate ventilation and the presence of skilled per-
sonnel at the bedside to perform proper basic steps of re-
suscitation. Clearance of meconium fluid should be
immediately performed, upon birth, and providing posi-
tive pressure ventilation should be considered within

30 seconds when bradycardia or apnea is present.
Tracheal intubation remains the gold standard for provid-
ing immediate ventilation/oxygenation to the newborn.
European and American guidelines have essentially the
same sequence of resuscitative events in neonates, recom-
mending a chest compression–to-ventilation ratio of 3:1,
with about 90 compressions and 30 breaths per minute
with emphasis on quality of ventilation and compres-
sions.223,224

A major change to guidelines for CPR occurred
with publication of the 2005 International Consensus
Conference on Cardiopulmonary Resuscitation and
Emergency Cardiovascular Care Science With Treatment
Recommendations.224 It is now recommended that lay res-
cuers or a lone professional rescuer use a 30:2 compres-
sion:ventilation ratio for infants, children, and adults. This
recommendation is intended to simplify training and
reduce interruptions of chest compression, which is
known to have a negative effect on outcome. When two or
more professional rescuers are present, a compression:
ventilation ratio of 15:2 is recommended for infants and
children.224,225 The airway patency, breathing, and circula-
tion approach to CPR sequencing was not modified The
sequence of when to call 911 (activate the EMS system)
has also been modified and is now based on presumed eti-
ology of the cardiac arrest (dysrhythmic vs. asphyxial).
For unwitnessed or non-sudden collapse, start CPR imme-
diately, give 5 cycles of chest compressions and ventila-
tion, then activate EMS and get an AED. For witnessed
sudden collapse, activate EMS/get an AED, start CPR, then
attempt defibrillation.225

In summary, ventilation remains essential in cardiac
arrest with asphyxia in both adult and pediatric patients.
The need for immediate ventilation in dysrhythmic cardiac
arrest is less clear, however, and has less emphasis in CPR
guidelines since 2005. It is clear that future studies are
needed to address the ideal compression:ventilation ratio,
the ideal minute volume, and whether mouth-to-mouth
ventilation during cardiac arrest is any better than chest
compression without rescue breathing, and the optimal
“exhaled” volume to be provided to the victim.

Positive pressure ventilation in an unprotected airway:
the problem of gastric insufflation and pulmonary
aspiration

Manual techniques of ventilation used for rescue breath-
ing were in widespread use from the early 1900s to the
early 1960s, when they were replaced with mouth-to-
mouth ventilation. Although manual techniques were
capable of providing reasonably good tidal volume and
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minute ventilation in patients with patent airways, a
major drawback was that prevention of upper airway
obstruction was not an integral part of the technique, and
airway obstruction could prevent movement of air. The
principal advantage of mouth-to-mouth ventilation is
that providing an open airway through backward tilt of
the head and lifting of the mandible is part of the tech-
nique. Also, because the provider is immediately aware of
upper airway obstruction when increased resistance to

ventilation is encountered, further steps can be taken to
relieve the obstruction.

Upper airway obstruction in an unconscious patient is
caused by occlusion of the oropharynx by the relaxed
tongue (Figs. 28.9 and 28.10). The base of the tongue is
retracted against the posterior wall of the pharynx when
the head is in a flexed position and occurs whether the
patient is in a supine or prone position. Extension of the
head can relieve obstruction in most patients and the
addition of forward displacement of the mandible and/or
an oropharyngeal airway opens the airway completely in
88 to 98% of subjects.226–228 Studies of manual techniques
of ventilation showed that the back-pressure-arm-lift
method produced a mean tidal volume of only 126 ml
when the head was allowed to remain in a natural posi-
tion, but with extension of the head, tidal volume
increased to 520 ml and only one of six subjects (17%) had
a tidal volume that was less than dead space (Fig. 28.11).228

Unlike manual techniques of ventilation that produce
negative intrathoracic pressure to move air into the lungs,
mouth-to-mouth ventilation uses positive pressure to
inflate the lungs. Because air under pressure can flow into
the esophagus as well as the trachea, a frequent complica-
tion of mouth-to-mouth ventilation is gastric insufflation.
Peak inflation pressure is directly related to the product of
inspiratory flow rate and airways resistance. Delivering a
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Fig. 28.9. When the mandible is extended by lifting it upward,

the hyoid bone and floor of mouth are also drawn upward. This

maneuver makes forward displacement of the tongue obligatory,

since it is attached to the mandible, hyoid bone, and floor of

mouth. (From ref. 198.)

Fig. 28.10. Left panel. Radiographs of natural upper airway of an anesthetized spontaneously breathing adult in the supine position. A,

neck flexed; note obstruction of oropharynx by tongue being pushed against posterior pharyngeal wall, and obstruction of nasopharynx

by soft palate. B, head midposition; same obstruction as in A. C, neck extended; note open oropharyngeal and nasopharyngeal air spaces

with tongue being lifted away from posterior pharyngeal wall. D, neck extended plus forward displacement of mandible; note how

anteroposterior diameter of oropharynx is increased over that in C. Right panel. Radiographs of upper airway with oropharyngeal

rubber airway in place. Anesthetized, spontaneously breathing adult in the supine position. A, neck flexed; same obstruction as without

airway; B, head midposition; pharynx may be partially obstructed; C, neck extended; patent pharynx; D, neck extended plus forward

displacement of mandible; patency further increased over that of C. (From ref. 14.)



large tidal volume over a brief inspiratory time results in
increased peak inflation pressure and leads to gastric
insufflation and hypoventilation in victims with an unpro-
tected (not intubated) airway. The volume delivered to the
lungs can be increased by using a longer duration of inspi-
ration and a lower inspiratory flow rate.229 The pressure
necessary to move gas into the lungs depends on airway
resistance and total thoracic compliance, which is equal to
the sum of chest and lung compliance:

Compliance (l/cm H2O)�change in volume (l) / change 
in pressure (cm H2O)

Lung compliance decreases with decreasing lung volume
and the tidal volume necessary to prevent decreased com-
pliance is approximately 7 ml/kg of body weight in patients
with normal lungs. Lung compliance also is decreased by
pulmonary edema and atelectasis. Chest compliance is
decreased by kyphoscoliosis, scleroderma, obesity, and the
supine position.

Chest compression has been shown to affect compliance
during cardiac arrest and compliance decreases with each
minute of chest compression.230 Compliance becomes a
crucial factor for ventilation when the upper airway is not
intubated. Because the trachea, pharynx, and esophagus
are all exposed to the same positive pressure during

mouth-to-mouth ventilation, or bag-mask ventilation, air
could preferentially enter the stomach via the esophagus.
During cardiac arrest and CPR, chest compliance
decreases and thus greater pressure is needed to inflate the
lungs adequately. At the same time, lower esophageal
sphincter tone decreases during cardiac arrest and there is
less resistance for air to enter the stomach.231,232

Work done in anesthetized patients found that the pres-
sure needed to produce gastric insufflation ranged from 10
to 35 cm H2O with a face mask technique of ventilation and
the most frequent pressure needed for insufflation was
15 cm H2O.233 Regurgitation of gastric contents and pul-
monary aspiration does not occur with chest compressions
alone, but requires inflation of the stomach.234,235 Mouth-
to-mouth ventilation was shown to cause regurgitation in
48% of patients, probably because of gastric insufflation.235

In a study of non-survivors of cardiac arrest, 46% were
found to have full stomachs and at least 29% had evidence
of pulmonary aspiration of gastric contents.236 Similar com-
plications occur with the use of a bag-mask ventilation
device in patients with unprotected airways.238 Aside from
pulmonary aspiration of gastric contents, gastric insuffla-
tion, if sufficient, causes elevation and splinting of the
diaphragm with consequent loss of lung volume, decreased
compliance, hypoventilation, and greater risk of further
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gastric insufflation. Gastric insufflation can be prevented in
many patients by applying pressure over the cricoid to seal
off the esophagus.237 In addition, manual techniques of
ventilation would not be expected to produce gastric insuf-
flation, because inspiratory airflow is caused by negative
airway pressure and airflow during expiration is associated
with very low airway pressures of approximately 0 to 1 cm
H2O.238,239

Effectiveness and safety of ventilation of the unpro-
tected airway have been extensively studied in bench
models. When a mechanical ventilator was used to provide
tidal volumes of 500 ml and 1000 ml, respectively, in an in
vitro model of an unprotected airway, significantly less
stomach inflation was found when a smaller tidal volume
(approximately 500 ml) was applied with a mechanical
ventilator compared with a tidal volume of approximately
1000 ml.241 For the same reason, the use of a smaller, pedi-
atric, self-inflating bag delivering a maximal volume of
500 ml showed less gastric inflation in the same model
when compared with the large adult bag.199,241 All of these
studies suggest that when the peak airway pressure
exceeds lower esophageal sphincter pressure during venti-
lation of an unprotected airway, the stomach is likely to be
inflated. As a result, a tidal volume of 6 to 7 ml/kg body
weight (approximately 500 ml) and an inspiratory time of
1 second is recommended for assisted ventilation.162,224

The performance of the apparatus used to deliver bag-
valve mask (BVM) ventilation has recently been reviewed
extensively. Seven commercially available models of venti-
lating bags used on an advanced cardiac life support train-
ing mannequin connected to an artificial lung, in which
compliance and resistance were set at normal, have been
evaluated for the tidal volume achieved.242 Interestingly,
standard ventilations with one hand averaged a tidal
volume between 450 to 600 ml in both genders, despite sig-
nificant differences in the size of male and female hands.
When the technique was modified to open palm and total
squeezing of the self-inflating bag against the flexed
rescuer’s knee, next to the patient’s head, total volume
ranged from 888 to 1192 ml. This study seems to indicate
that most of the commercially available ventilating bags
can provide both 6 ml/kg to 12 ml/kg tidal volume, with
and without available oxygen, in a reliable manner. This
study was performed on a mannequin with normal com-
pliance and resistance, however, and gastric inflation was
not measured.

When ventilation is provided to a victim of cardiac arrest,
proper tidal volume cannot be easily assessed. Excitement
and overenthusiasm of the professional rescuer at the scene
of cardiac arrest can increase the chance of gastric infla-
tion.243 In a recent intriguing paper from Austria, it was

shown that the stomach inflation of the victim, as assessed
by postresuscitation chest radiograph, was minimal and
statistically lower (15%) when the lay bystander provided
mouth-to-mouth ventilation versus when professional
paramedics ventilated the victim with a BVM device.244

There are many possible explanations for these results,
which are partially related to the limitation of the chest
radiograph as a test to assess gastric inflation and the lack of
autopsy reports from the non-surviving victims. It is also
possible that “extreme efficiency” of ventilation by the para-
medics as compared with the bystander’s mouth-to-mouth
ventilation determined the difference. This finding, com-
bined with the observation that professional rescuers tend
to squeeze the bag very rapidly during the excitement of
CPR (generally in�0.5 s and with power), suggests the need
for better teaching of basic manual resuscitation skills.241

Limiting the size of the ventilating bag to a pediatric
volume could theoretically decrease the danger of deliver-
ing an exaggerated tidal volume during CPR. If oxygen is not
available at the scene of an emergency, and small tidal
volumes are given during BLS ventilation with a pediatric
self-inflatable bag and room air (21% oxygen), insufficient
oxygenation and/or inadequate ventilation may result.
Recently, 80 patients were studied who were randomly allo-
cated to receive ventilation with either an adult (maximum
volume, 1500 ml) or pediatric (maximum volume, 700 ml)
self-inflatable bag for 5 minutes while apneic after induc-
tion of general anesthesia and before intubation. The study
used ventilation with 40% O2 and showed no significant dif-
ference in mean arterial O2 saturation (98% vs. 97%) or
ETCO2 (26 vs. 33 mmHg) with the adult or pediatric bag,
respectively.245 The investigators did a follow-up study using
the same methodology, but this time they used room air
instead of 40% O2 as the ventilating gas.246 When using an
adult (n�20) versus pediatric (n �20) self-inflatable bag,
tidal volumes and tidal volumes per kilogram (mean�stan-
dard error) were significantly larger (719�22 ml/kg vs. 455
�23 ml/kg and 10.5�0.4 ml/kg vs. 6.2�0.4 ml/kg, respect-
ively; P�0.0001). Compared with an adult self-inflatable
bag, BVM ventilation with room air and use of a pediatric
self-inflatable bag resulted in lower arterial PO2 values (73�

4 mmHg vs. 87�4 mmHg; P�0.01), but comparable CO2

elimination (40�2 mmHg vs. 37�1 mmHg; not signifi-
cant), indicating that smaller tidal volumes of about 6 ml/kg
(approximately 500 ml) given with a pediatric self-inflatable
bag and room air maintain adequate CO2 elimination, but
decrease oxygenation during simulated BLS ventilation.
This study confirms previous observations that if small
(6 ml/kg) tidal volumes are used during BLS ventilation,
supplemental oxygen is needed, and when oxygen is not
available, larger tidal volumes of about 8 to 10 ml/kg should
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be used to maintain both sufficient oxygenation and CO2

elimination when circulation is normal.199

In conclusion, proper mask ventilation is a fundamental
skill of resuscitation and should receive a high priority in
training of both adult and pediatric providers.249,250 Using
recommended guidelines for tidal volume and inspiratory
time, pulmonary ventilation can be maximized and gastric
inflation can be minimized. However, gastric inflation and
pulmonary aspiration can be completely prevented only
when the airway is protected with endotracheal intuba-
tion, always regarded as the “gold standard” of providing
ventilation during CPR.

Ventilation caused by chest compression: standard and
active chest compression–decompression

When the chest is pressed with the hands or a mechanical
device, intrathoracic pressure increases above atmos-
pheric pressure and air flows out of the lungs if the upper
airway is unobstructed. Air flows back into the lungs when
pressure on the chest is released and the thorax recoils pas-
sively, creating negative intrathoracic pressure. Although
the tidal volume caused by chest compression usually is
less than the dead space, effective gas exchange can take
place under certain conditions, particularly if the fre-
quency of compression is high enough.

Knowledge of dead space is helpful in understanding
high frequency ventilation. Inhaled air passes through the
conducting airways to the alveoli where gas exchange takes
place. The conducting airways (the nose, mouth, pharynx,
larynx, trachea, bronchi, and bronchioles) do not partici-
pate in gas exchange and have a volume, termed anatomic
dead space, of about 150 to 180 ml in the adult human.1 The
total volume of alveoli not perfused with blood and thus
not participating in gas exchange is called alveolar dead
space. Physiologic dead space is the sum of anatomic and
alveolar dead space, and is the volume of the lung that does
not eliminate CO2. Physiological dead space is a functional
measurement, approximating 2.2 ml/kg of lean body
weight. Physiological dead space increases during condi-
tions of ventilation-perfusion inequality. During conven-
tional ventilation, tidal volume must exceed physiological
dead space for effective delivery of O2 and elimination of
CO2. During high frequency ventilation, gas exchange can
take place when tidal volume is less than physiologic dead
space, presumably because of enhanced diffusion and
mixing of gases.

Ventilation caused by chest compression is a form of high
frequency ventilation, which is defined as lung ventilation
at a frequency of at least four times the normal breathing
frequency, usually with tidal volumes less than anatomical

dead space.249 Gas exchange depends on several mecha-
nisms, including bulk flow of gases, molecular diffusion,
asymmetric velocity profiles where the profile is direction-
dependent, cardiogenic mixing, mixing caused by tur-
bulent airflow, and inter-regional “pendelluft” due to
time-constant inequalities, which results in gas from fast-
filling lung units redistributing into slow-filling units.249,250

High frequency ventilation has been produced by apply-
ing external pressure to the chest by means of a pressure
cuff around the thorax. In a canine experiment, high fre-
quency ventilation with use of chest compression with
tidal volumes of approximately 50 ml and frequencies of
3 to 5 Hz (180 to 300 compressions per minute) produced
better arterial oxygenation and elimination of CO2 than did
conventional ventilation at standard tidal volumes and
rate.251 The effectiveness of high frequency ventilation
depends on where compression is applied to the body. One
study found that it is more effective when applied to the
abdomen.252 High frequency ventilation was found to have
equally efficient gas exchange when applied at the trachea
or the chest253 and provided enhanced ventilation in a
model of airway obstruction.254–256 Adequate gas exchange
can take place with tidal volumes as low as 12% of dead
space.257

There is a striking similarity between high frequency
ventilation with chest compression and chest compression
during cardiac arrest. The recommended frequency of
chest compression during CPR is approximately 2 Hz (100
compressions per minute). If obstruction of the upper
airway can be prevented, then tidal volume can be pro-
duced during sternal compression. In an intubated swine
cardiac arrest model, a study showed that sternal com-
pression with a mechanical device produced ventilation
with a mean tidal volume of 45 ml during the first minute
of resuscitation that decreased to 16 ml during the
10 minute (Fig. 28.12). Because chest compressions were
given at a rate of 100 per minute, minute ventilation was
4.5 l during the first minute of resuscitation and 1.6 l during
the 10 minute. When compared with conventional ventila-
tion, however, CO2 elimination was less with chest com-
pression ventilation, resulting in significantly greater
hypercarbic acidosis.238

Active compression–decompression CPR is a technique
of chest compression in which force is applied to the chest
during both downward compression and upward lifting
decompression by means of a suction cup applied to the
chest.Thus, the chest is actively re-expanded with this tech-
nique instead of passively recoiling as in conventional
CPR. It has been shown that during CPR, thorax and lung
compliance gradually decrease over time, thus explaining,
in part, why ventilation produced by conventional chest
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compression decreases over a 10-minute period. Active
compression–decompression CPR may overcome the loss
of compliance because the chest is forcibly re-expanded.
In another swine study of CPR, active compression–
decompression chest compression was compared with
conventional chest compression (Fig. 28.12).239 The tidal
volume and minute ventilation caused by active compres-
sion–decompression were twice that of standard chest
compression, did not decrease during 10 minutes of CPR,
and produced significantly better arterial pH, PO2, and
PCO2.

An interesting recent application has been the use of
adjunct CPAP and pressure support ventilation (CPAP-
PSV) during the decompression phase. In a swine model of
cardiac arrest, CPAP-PSV showed a significantly higher
PaO2 and lower A-aDO2, maintaining moderate hypercar-
bia when compared with control animals. Remarkably, an
unexplained increase of VO2 was observed in all the
animals with applied CPAP-PSV.258

Gasping ventilation

Gasping appears to be much more common than previ-
ously thought within the first few minutes of cardiac arrest.

Investigators reported the presence of gasping or agonal
respiration in as many as 55% of witnessed cardiac arrest
victims.259–261 Gasping is often mistaken for normal breath-
ing, with the unfortunate consequence that bystanders
withhold CPR for up to 40% of victims with confirmed
cardiac arrest. The American Heart Association Guidelines
2005 now emphasize recognition of gasping breaths and
initiating CPR if the rescuer is unsure if the person is
breathing normally.162

Current standards for ventilation during CPR and
adjunct devices for ventilation

The American Heart Association has developed a set of
training tools and guidelines for cardiopulmonary resusci-
tation and emergency cardiovascular care.262 Control of the
airway during cardiopulmonary resuscitation is divided
into three general categories: basic airway management,
advanced airway control, and postresuscitation airway
management.

Basic management of the airway entails establishing
unresponsiveness, calling for help, opening the airway
with various maneuvers, maintenance of airway patency,
determination of apnea, and provision of ventilation and
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oxygenation in conjunction with chest compression.
Advanced airway control requires endotracheal intubation
and use of ancillary equipment to support ventilation and
oxygenation. Following successful resuscitation, the
patient may remain supported by endotracheal intubation
and mechanical ventilation.

Basic airway management

Basic airway management is indicated for patients who
suffer respiratory and/or cardiac arrest. Primary respira-
tory arrest may occur during drowning, foreign body
obstruction, smoke inhalation, drug overdose or anaphy-
lactic reaction, cerebrovascular accident, thermal or
electrical injury, trauma, acute myocardial infarction,
epiglottitis, sepsis, and coma of whatever cause. Early ini-
tiation of rescue breathing may improve survival and
prevent cardiac arrest.

The goal of basic airway management is to provide
enough oxygen to the brain and heart until definitive
medical treatment can restore normal heart and ventilatory
activity.262 Rescue breathing brings oxygen into the lungs
while chest compression promotes oxygen transport from
the lungs to vital tissues. Immediate initiation of resuscita-
tion is necessary, because the highest rate and quality of sur-
vival are achieved when basic life support is started within 4
minutes from the time of arrest and when advanced cardiac
life support is initiated within 8 minutes.263

Provision and maintenance of a patent upper airway

The maneuvers utilized to provide a patent upper airway in
an unconscious patient are designed primarily to relieve
obstruction by the tongue gravitating toward the posterior
pharyngeal wall. Relaxation of the head and neck muscles
supporting the mandible during loss of consciousness
results in the loss of the tongue’s muscular tone. When the
tongue falls against the posterior pharynx, it causes
obstruction of the upper airway. Airway obstruction is
aggravated in a comatose patient by a semi-flexed neck,
which causes narrowing of the distance from the tongue to
the posterior pharynx. The epiglottis also tends to fall back
onto the glottis. Furthermore, breathing against an
obstructed upper airway pulls the tongue toward the
airway, worsening the obstruction. The negative pressure
generated in the airway during inspiration causes a ball
valve type of tracheal obstruction. Even in normal, sponta-
neously breathing anesthetized patients, some airway
obstruction occurs in 90% when the head is in neutral posi-
tion and the airway is unsupported.226

Unless contraindicated, the victim should be properly
positioned, before resuscitation is started: a firm, flat
surface, with the arms alongside the body, is preferred. The
patient’s head should be below the level of the thorax. If the
victim is prone, the patient should be moved supine as a
unit to avoid twisting the head neck or back. The rescuer
should kneel beside the patient’s shoulder. Spontaneous
breathing should be ascertained. Several maneuvers are
utilized to open the airway. In Europe, it is taught that
breathing should be ascertained in the position the victim
is found. The victim is positioned supine if respirations
cannot be assessed or if they are absent.

Head tilt/chin lift maneuver
In the absence of head and neck trauma, the head
tilt/chin lift maneuver is utilized to open the airway (Fig.
28.13(a)).264 This maneuver is also referred to as the “sniff-
ing position” and is considered to be the most effective
method of opening the airway of an unconscious victim. A
roll or towel may be placed under the victim’s occiput to
maintain this position. The victim’s mouth should be
examined for dentures and debris. A piece of cloth is used
to wipe out fluid or semi-liquid material. Solid materials
are removed with a hooked index finger. Dentures may be
left in place to maintain a normal facial shape, facilitating
adequate lip seal and mouth-to-mouth breathing. But if
dentures obstruct the airway, they must be removed. One
hand is placed on the patient’s forehead and the head is
tilted backward with firm pressure. The fingers of the
other hand are positioned firmly beneath the chin’s
bony portion, lifting it upward. This brings the chin
forward and the teeth almost to occlusion, supporting
the jaw and helping to tilt the head backward. Pressure on
the soft tissue under the chin should be avoided because it
can aggravate airway obstruction. Unless mouth-to-
nose breathing is indicated, the mouth should not be
completely closed. During mouth-to-nose breathing,
the mouth can be closed by increasing the pressure on the
hand that is already on the chin. This technique is the
recommended maneuver of choice because of its simplic-
ity, safety, effectiveness, and ease of learning. The maneu-
ver was found to be superior in opening the airway during
mouth-to-mouth resuscitation of apneic patients, achiev-
ing airway patency in 91% of cases vs. 78% with the jaw
thrust and 39% with simple neck lift.265 Greater tidal
volume was also delivered during head tilt/chin lift
maneuver when compared to other techniques.

In pediatric victims, airway patency is also established
by maintaining the head in the sniffing position, but direct
pressure on the trachea or hyperextension of the head
should be avoided. The pediatric trachea is not yet fully
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developed and does not have a well-formed rigid cartila-
ginous ring. Any direct or indirect pressure on this struc-
ture causes it to collapse.

Jaw-thrust maneuver
The angles of the mandible may be displaced anteriorly by
grasping the lower jaw with both hands from one side and
pulling forward, and simultaneously tilting the head back-
wards (Fig. 28.13(b)). The elbows of the CPR provider
should rest on the surface on which the patient is lying. To
open the lips, the lower lip can be retracted with the
thumb. Mouth-to-mouth breathing can be delivered by
occluding the victim’s nostrils with the rescuer’s cheek
pressed tightly against them. To avoid extension of the
neck in patients with suspected neck injury, a modified jaw
thrust maneuver is performed. Forward traction is applied
on the mandible without head tilt and care must be taken
to avoid moving the head from side to side. If this maneu-
ver is unsuccessful in opening the airway, the head may be
slightly tilted with care. Although jaw thrust maneuver is
highly effective in providing upper airway patency, the
technique may be technically problematic and the rescuer
tires easily. It is considered as an ancillary method and is
utilized as a secondary method by professional rescuers.

Triple airway maneuver
This is a modification of the head tilt-lift maneuver
whereby the lower lip is retracted with the thumb to open
the mouth after tilting the head backward and lifting the
chin upward. This maneuver is usually utilized by a more
experienced rescuer.

Mandibular displacement
Another method to open the upper airway is to pull the
mandible forward by placing the rescuer’s thumb in the
patient’s mouth and putting the fingers underneath the
chin to pull the lower jaw upward (Fig. 28.13(c)). Although
effective in opening the airway in spontaneously breath-
ing, edentulous patients, it can cause injury to the rescuer
if the patient wakes up and suddenly bites rescuer’s thumb.

Determination of apnea

There are several recommended methods of determining
the absence of spontaneous breathing in an unconscious
patient. Spontaneous respiration may be difficult to
observe unless the airway is opened. Once airway patency
is established, the rescuer should place his or her ear over
the victim’s mouth and nose. The rise and fall of the chest
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should be noted. One must listen for breath sounds and
feel for expired air. The absence of these signs is indicative
of apnea. Frequently, gasping, gurgling, or snoring sounds
or agonal respiratory efforts may be observed during
cardiac arrest, especially within the first few minutes of
collapse. This is not sustained, the respiratory rate is
6/minute or less, and should not be mistaken for sponta-
neous respiration. In some instances, the victim may show
respiratory efforts but no air exchange is observed. This
indicates upper airway obstruction and opening the
airway facilitates resumption of air movement.

Once spontaneous respiration and pulse are established
during resuscitation, the CPR provider should continue
maintaining a patent airway. To reduce the likelihood of
aspiration and obstruction, the patient should be rolled on
his or her side. This is called the recovery position. The
victim must be rolled as a unit, moving the head, shoulders
and torso simultaneously without twisting. If trauma is
suspected, however, the patient should not be moved
unless absolutely necessary. There are several options on
how the dependent arm may be placed in the recovery
position: (a) it may be bent at the elbow, and alongside the
victim while the other hand rests under the cheek of the
victim; (b) the dependent arm may be alongside the victim;
or (c) the dependent arm may be bent at the elbow with the
hand under the face. The fundamental goal of the recovery
position is to have the patient on his/her side so that aspi-
ration and accidental airway obstruction is prevented.

Initiation of respiration (rescue breathing)

Delivery of an adequate tidal volume is required during
rescue breathing. Usually, 500 ml to 600 ml of tidal volume
is considered adequate for an adult. It is difficult for the
rescuer to know exactly how much tidal volume is given
during mouth-to-mouth ventilation. Therefore, it is
recommended that the rescuer give just enough tidal
volume with each breath to make the chest rise visibly.

The oxygen concentration of expired air is approxi-
mately 16% to 17%. With this oxygen concentration, the
maximum alveolar oxygen partial pressure is about
80 mmHg, enough to meet the victim’s oxygen need. It is
recommended that two initial breaths should each be
delivered over 1 second. Sufficient time should be allowed
for exhalation between breaths. Using this inspiratory time
(1 second) in conjunction with a tidal volume of about
500 ml produces a lower inspiratory flow rate, and reduces
the chances of exceeding opening pressure of the
esophageal sphincter, thereby decreasing the chance of
gastric distention, the most common major problem asso-
ciated with rescue breathing. Gastric distention elevates

the diaphragm, reduces lung volume, and promotes regur-
gitation and aspiration. Sellick’s maneuver, the application
of cricoid pressure against the cervical vertebra, helps
prevent regurgitation against esophageal pressure of up to
100 cm water. This technique requires an assistant and is
recommended only to be used by trained professionals. If
regurgitation is observed during CPR, the victim’s entire
body should be turned to the side and the mouth wiped
clean. The patient is then turned back to supine position
and CPR is resumed. Additionally, excessive peak airway
pressures may be generated during exhaled oxygenation
(rescue breathing), increasing the risk of barotrauma.

Basic life support CPR can be performed either by one or
two rescuers. During both one- and two-rescuer CPR, 2
breaths are given during a pause after every 30th chest
compression. Exhalation occurs passively after each
breath and during chest compression. Rescue breathing
can be delivered through mouth-to-mouth, mouth-to-
nose, mouth-to-stoma, and mouth-to-barrier devices.

After opening the airway by the head-tilt-chin lift
maneuver, the rescuer can seal the nose by pinching it with
the thumb and index finger of the hand on the victim’s fore-
head (Fig. 28.13(d)). The rescuer inhales and puts his or her
lips around the patient’s mouth, creating an airtight seal.
Two breaths are delivered at a chest compression/ventila-
tion ratio of 30:2 with one- or two-rescuer CPR; the ratio is
the same for adults, children, and infants. If two or more
professional rescuers are present, the ratio is 15:2 for chil-
dren and infants. Upward movement of the chest and
sensing the escape of air during exhalation assure the
rescuer that adequate ventilation has been delivered. The
most common cause of failure to ventilate is improper
positioning of the head and chin. If attempts to ventilate
fail, the patient’s head and chin should be repositioned. If
after repositioning, the patient cannot be ventilated, the
airway should be evaluated for the presence of foreign
bodies. These maneuvers will be discussed later in this
chapter. Also, it should be emphasized that pauses for ven-
tilation pertain only to subjects with an unprotected
airway (i.e., unintubated). Once the airway is intubated,
chest compressions are given continuously, at a rate of 100
compressions/minute without interruption for ventila-
tion. A ventilation rate of 8 – 10 breaths/minute should be
used, which is less than was recommended prior to 2005.162

When circulation is present with a pulse, about 10 to 12
breaths/minute should be used.266 If an end-tidal CO2

monitor is available, ventilation rate should be adjusted to
maintain end-tidal CO2 within a range of about 35 mmHg
to 45 mmHg. In patients with obstructive pulmonary
disease and increased resistance to exhalation, a lower
ventilation rate should be used (e.g., 6 to 8 breaths/minute)
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to prevent air-trapping and to allow enough time for com-
plete exhalation.266 Recent studies suggest that fewer
breaths/min may improve blood flow during shock or
cardiac arrest and provide a better ventilation/perfusion
match. This is an important area of active investigation and
randomized controlled trials are currently being planned.

If it is difficult or contraindicated to deliver mouth-to-
mouth breathing, mouth-to-nose breathing can be per-
formed. It is indicated in patients with mouth trauma,
trismus, or in those where a tight mouth-to-mouth seal is
impossible to achieve. After the head is properly positioned
and the mouth closed (as previously described), the rescuer
inhales, puts his or her mouth in a tight seal around the
victim’s nose, and breaths out into it (Fig. 28.13(e)). The
rescuer then removes his or her lips from the patient’s nose
and lets exhalation occur passively. The mouth may also be
opened after breath delivery to allow air to escape through
the mouth.

If the patient has a previous laryngectomy and has a per-
manent opening connecting the trachea to the front base
of the neck, ventilation during CPR can be performed by
delivering the breath through the stomal opening (Fig.
28.13(f)). In a similar fashion to mouth-to-mouth or
mouth-to-nose breathing, the rescuer’s mouth is arranged
to form a tight seal around the stoma and two breaths are
delivered. When the rescuer stops breathing into the
stoma, air passively escapes from the opening.

The presence of vomitus and fear of infectious con-
tamination may affect the willingness of rescuers to
perform mouth-to-mouth resuscitation. Lawrence and
Sivaneswaran showed that only 13% of 70 hospital staff
members surveyed would use mouth-to-mouth ventilation
and 59% would prefer to use mouth-to-mask ventilation.269

Specialized masks with a one-way valve are currently uti-
lized during CPR. The valve prevents the exhaled air from
entering the rescuer’s mouth. Additionally, bacterial filters
are incorporated in some of the commercially available
masks to prevent contamination of the rescuer. Moreover,
some resuscitation masks can deliver as much as 50%
oxygen.267 Mouth-to-mask ventilation can provide adequate
tidal volume at a significantly lower airway pressure when
compared to mouth-to-mouth resuscitation.9 Other barrier
devices such as face shields are also available. Unlike the
masks, many face shields do not have a one-way valve and
air may leak around the shield. If a barrier device is used
during rescue breathing, it must be placed tightly around
the patient’s mouth and slow, deep breaths should be deliv-
ered in a manner similar to mouth-to-mouth ventilation.

Cardiopulmonary arrest occurring in the hospital setting
is often initially managed with bag-valve-mask ventilation.
There are studies reporting that this device cannot deliver

adequate tidal volume when only one person is doing pul-
monary resuscitation.268–271 The basic problem arises from
the need to provide an adequate seal between the face and
the mask while controlling the airway by head extension at
the same time. Additionally, familiarity with the use of the
equipment requires special training and additional man-
power. It has been shown that this technique is more effect-
ive in delivering adequate ventilation when two rescuers
are supporting the airway.271,272 One rescuer effectively
seals the mask to the mouth and maintains head extension
while the other squeezes the bag with both hands to deliver
adequate tidal volume. The central issue is that the individ-
ual providing BVM ventilation must be well-trained in the
proper use of this instrument before attempting to control
the airway in an arrested patient for the first time.

Oxygen supplementation can be provided during BVM
ventilation, which delivers 40% to 60% O2 without and with
an oxygen reservoir, respectively.273 Complications associ-
ated with the use of a BVM are primarily due to excessively
high ventilating pressures and include pneumothorax,
pneumomediastinum, pneumocephalus, and gastric rup-
ture.274 When oxygen is available, ventilation should be
limited to approximately one-third of the total bag volume
(about 600 ml in the 1.8 l adult bag) and delivered (over
1 second; the recommended inspiratory time is a little faster
because of the smaller tidal volume). Unless the rescuer is
proficient in the use of anesthesia bags, it is preferable to use
self-inflating hand-held resuscitator bags during CPR.
Anesthesia bags such as the Mapleson system are not self-
inflating and require a continuous oxygen source.275 Some
resuscitator bags have a pressure relief valve, a safety feature
designed to limit the maximum pressure that can be deliv-
ered, thereby preventing gastric insufflation and hyperinfla-
tion of the lungs and subsequent pulmonary barotrauma.
These valves may malfunction, however, and it must be
emphasized that improper venting can cause inadequate
ventilation. This can be recognized by the sound of air
escaping through the relief valve when the bag is squeezed.
Adjusting or partially occluding the valve may be life-saving.

The basic principles governing rescue breathing of pedi-
atric patients are the same as those of adults, although the
pediatric airway may be flattened by excessive extension of
the cervical spine during the head tilt-chin lift maneuver. In
infants and smaller children, mouth-to-nose ventilation
may be necessary during CPR. Smaller breaths must be used
to avoid abdominal distention, regurgitation, and pul-
monary barotrauma. Ventilation in the newborn needs
special consideration. Indeed, as already stated, appropriate
ventilation is essential for the survival of the newborn infant.

While hypoxia before delivery can influence the time of
successful resuscitation of a newborn, it is recommended
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that adequate ventilation should be assessed immediately
and endotracheal intubations should be carried out within
30 to 60 seconds of birth.276 This time should be reduced to
�30 seconds in preterm babies, although no clear litera-
ture exists on this situation.277 Trauma should be avoided
by maintaining inflation volume at about 6 ml/kg.278

Physiologic considerations in the newborn seem to
confirm that this volume for resuscitation is probably ade-
quate. It is known that a first breath with use of a medium
tidal volume of 5 ml/kg is usually sufficient to achieve a
functional residual capacity (FRC) lung volume almost
immediately (reaching a total FRC volume of 28 to
30 ml/kg).279 Furthermore, it is possible that a small tidal
volume would stimulate the newborn to breathe spontan-
eously through a reverse Hering-Breuer reflex (called head
paradoxical reflex).280 This level of tidal volume and a real
mask inflation pressure to less than 20 cm H2O can usually
limit gastric inflation.281,282

Adjunctive airway equipment

Airway control may be facilitated with the use of adjunctive
airway devices. This equipment is generally available to the
rescuing paramedics or hospital personnel. It is mandatory
that people using these devices be familiar with their use
and potential problems. They should be regarded as a
“bridge to” rather than “alternate to” endotracheal in-
tubation.

Oxygen source
Oxygen supplementation should be initiated as soon as
possible during CPR by the trained rescuer, to avoid the
adverse effects of hypoxemia. If oxygen is inadequate, all
other resuscitation efforts will fail; 100% oxygen should be
utilized during resuscitation. If available, pulse oximeter
should be used to determine oxygen saturation.

Oxygen is generally stored either in liquid form or in
cylinder reservoirs. A portable oxygen tank is color-coded
green in the United States. It is provided with a regulator
and flowmeter. The regulator reduces the pressure to
50 psig for delivery to the flowmeter. Most emergency
medical technicians carry the smaller E cylinder. This is
pressurized to 1800 to 2400 psig at 70 ºF and 14.7 psig
absolute pressure. The cylinder holds 659 liters of oxygen
and lasts about 1 hour when the flow rate is set at 10 liters
per minute. Oxygen is considered a “drug,” hence its use is
regulated by agencies in most states.

Face masks
A pocket facemask is the simplest adjunct beyond mouth-
to-mouth resuscitation. An ideal facemask should be

colorless to provide direct visualization of the mouth, lips,
nose, and the presence of vomitus or secretions. It should
have a soft pliable edge to create an effective seal against
the face. To assure proper ventilation, an airtight seal is
necessary to avoid oxygen and air escaping during sup-
portive ventilation. The mask should provide an oxygen
inlet with a standard 15 mm/22 mm coupling size. Various
sizes should be available for adults and children. A reser-
voir bag with a one-way valve may be attached to the mask
for manual ventilation of the lungs.

Placement of the face mask is best achieved when the
operator is positioned at the top of the patient’s head. An
airtight seal can be provided by single handed or double
handed technique. Single-handed technique requires that
the rescuer fits the mask snugly on the victim’s face, using
the thumb and the index finger in a pincer grip while
simultaneously displacing the mandible upward and
lifting the chin with the other three fingers. The middle
finger should rest on the mandible, the ring finger is posi-
tioned midway between the chin and the angle of the jaw,
and the little finger is on the mandibular angle. Pressure on
the soft tissue should be avoided, because it is uncomfort-
able and can lift the base of the tongue and cause upper
airway obstruction.

Mouth-to-mask ventilation can be achieved by the
rescuer sealing his/her lips around the coupling adapter of
the mask. If ventilation is inadequate or if airway obstruc-
tion is unrelieved, a double-handed technique should be
utilized. The fingers are placed on the same position as the
single handed method but applied on both sides of the
face. However, a second rescuer is necessary to deliver
exhaled or manual ventilation. Care must be observed to
avoid pressure damage to the eyes and soft tissues.

Manual resuscitators (bag valve devices)
Bag valve devices of various designs are available for
adults and children, but a self-inflating, manually oper-
ated bag with a non-rebreathing valve is preferable
because it allows ventilation even if there is no connecting
oxygen supply. This device may be used in conjunction
with a face mask, endotracheal tube, or other invasive
airway device.

The standard parts include a delivery port with a
15 mm/22 mm adapter coupling size that can be con-
nected to the mask or tracheal tube. It is provided with a
one-way, non-jam valve that allows a minimum of 15-liter
per minute oxygen flow rate for spontaneous and con-
trolled ventilation. It should also have a system for deliver-
ing high oxygen concentration through an auxiliary oxygen
inlet at the back of the bag or by an oxygen reservoir. A posi-
tive end-expiratory pressure (PEEP) valve can also be
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incorporated. The bag should be a self-refilling one that
can be readily cleaned and sterilized. The bag usually holds
a volume of up to 1600 ml. Some pediatric resuscitator bags
are provided with a 25 to 30 cm H2O pop-off valve to avoid
excessive positive airway pressure. This device is expected
to perform satisfactorily under all common environmental
conditions and extremes of temperature.

To operate this equipment properly the operator must
be positioned at the top of the victim’s head. After correct
head positioning as previously described, appropriate
tidal volume should be delivered (6 to 7 ml/kg, sufficient to
produce visible chest rise) with oxygen supplementation, if
available. An oropharyngeal airway may be used to open
the mouth. A single rescuer may have difficulty maintain-
ing the head position and delivering adequate tidal volume
at the same time. It is therefore recommended that two res-
cuers operate this device: one to hold an airtight seal over
the face, the other to squeeze the bag manually. The proper
use of this device requires training, practice, and familiar-
ity with the equipment.

Oxygen-powered manually triggered devices
Oxygen-powered breathing devices have also been used by
EMS personnel during CPR. These machines are expen-
sive, and require high oxygen flow rates to overcome air
leak.267 Although they may be able to deliver adequate tidal
volumes, oxygen-powered devices carry the risk of gastric
distention and regurgitation. Most of these devices are
time-cycled and deliver high instantaneous flow rates by a
manual control button. They can be used in conjunction
with a face mask, endotracheal tube, esophageal airway, or
tracheostomy tube.

Parts of an oxygen-powered manually triggered device
include a standard 15 mm/22 mm adapter coupling, a
compact, rugged, breakable-resistant mechanical design
that is easy to hold, and a trigger arranged so that both
hands of the rescuer can remain on the face mask to hold
it in position. It should also have the following characteris-
tics: a constant flow rate of 100% oxygen at less than 40
liters per minute, and an inspiratory pressure relief valve
that opens at approximately 60 cm H2O and vents any
remaining volume to the atmosphere or ceases gas flow.
Furthermore, an alarm sound system is provided to alert
the rescuer that the pressure relief valve has been acti-
vated, indicating that the patient requires high inflationary
pressure and may not be receiving adequate tidal volume.
It should be able to operate satisfactorily under common
environmental conditions and extremes of temperature. It
should be provided with a demand flow system that does
not impose additional work.217 These devices are con-
traindicated in children and spontaneously breathing

patients. The potential for complications is high and its use
requires training and familiarity.

Suction devices
A suction apparatus is essential during advanced airway
support. Suction may be provided by portable battery-
operated or electrically powered equipment. In the hospi-
tal, wall vacuum outlets are available for suctioning. This
device should be available during resuscitation prior to
airway instrumentation. Vomitus, secretions, or blood may
occlude the airway and can be aspirated into the lungs,
compromising the ability to adequately ventilate and oxy-
genate the victim. In addition to a suction apparatus, a flex-
ible catheter or a rigid tonsillar suction tip should be
attached to large bore, non-kinking suction tubing that
should be 14 French or greater internal diameter. A rigid
tonsillar tip can rapidly suction particulate materials or
large volumes of fluid from the pharynx. Flexible catheters
are available in various sizes for children and adults and
are used to decompress the stomach, suction the esopha-
gus, pharynx, and endotracheal tube.

The wall suction units should provide airflow of more
than 30 l/minute at the end of the delivery tube and a
vacuum of more than 300 mmHg when the tube is clamped.
The suction apparatus should have an adjustable knob to
control the amount of suctioning power, especially in chil-
dren. It must be designed for easy cleaning and subsequent
decontamination. Suctioning may damage the teeth and
surrounding structures. Prolonged suctioning can cause
deoxygenation. It is recommended that the procedure be
limited to less than 10 seconds at a time and that the patient
receive 100% O2 in the intervals between suctioning.

Alternative methods of ventilation after successful
endotracheal intubation

The relation between airway pressure, intrathoracic pres-
sure, and circulation during CPR has been recently
studied.283 During the decompression phase of CPR,
venous return is enhanced. A small inspiratory impedance
valve has recently been introduced to occlude the airway
selectively during the decompression phase of CPR without
interfering with exhalation or active ventilation. The effect
of this device on venous return, coronary perfusion pres-
sure, and blood flow during resuscitation has been studied
in animals and humans. A remarkable improvement in all
of the physiologic parameters usually associated with
restoration of spontaneous circulation after defibrillation
was demonstrated (end-tidal CO2, systolic blood pressure,
diastolic blood pressure). Furthermore, the beneficial effect
of this valve could be seen in models of both protected and
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unprotected ventilation.284,285 Remarkably, when the effect
of PEEP was combined with negative inspiratory pressure
produced with the inspiratory threshold valve (CPAP level
up to 10 cm H2O), the increase in oxygenation was still
appreciated with improved respiratory system compliance,
but without the detrimental effect on hemodynamics
expected with the use of CPAP.286 Negative pressure pul-
monary edema is one possible complication of that and can
occur during airway obstruction or an exaggerated Mueller
maneuver.287

Transport ventilators
Although the introduction of transport ventilators for pre-
hospital and hospital care was typically aimed at providing
mechanical ventilation in patients with an endotracheal
tube in place, some of their features can be used to provide
ventilation of the unprotected airway during and after
CPR. These devices are typically compact, lightweight,
time-cycled or flow-controlled, durable, pneumatically or
electronically powered, easy to operate, and low mainten-
ance. An excellent review is available in the literature.288

During transport of artificially ventilated patients, auto-
matic transport ventilators (ATVs) are found to be superior
at maintaining constant minute ventilation and adequate
arterial blood gases when compared with BVM devices.289

Advantages of ATVs include allowing the rescuer to do
other tasks when the patient is intubated, and allowing the
rescuer to use both hands to hold the mask in patients not
intubated. The rescuer can also perform the Sellick
maneuver with one hand while holding the mask in the
other hand. ATVs can provide a specific tidal volume, res-
piratory rate, and minute ventilation.

It is recommended that ATVs should function as constant
inspiratory flow rate generators and should have the fol-
lowing features: (1) a lightweight connector with a standard
15 mm/22mm adapter coupling for a mask, endotracheal
tube, or other airway adjunct; (2) a lightweight (2 to 5 kg)
compact, rugged design; (3) capability of operating under
all common environmental conditions and extremes of
temperatures; (4) a peak inspiratory pressure limiting valve
set at 60 cm H2O with an option of an 80 cm H2O pressure
that is easily accessible to the user; (5) an audible alarm that
sounds when the peak inspiratory limiting pressure is gen-
erated to alert the rescuer that low compliance or high
airway resistance is resulting in a diminished tidal volume
delivery; (6) minimal gas consumption allowing the device
to run for a minimum of 45 minutes on an E cylinder;
(7) minimal gas compression volume in the breathing
circuit; (8) ability to deliver 100% oxygen; (9) an inspiratory
time of 1 second , and maximal inspiratory flow rates of
approximately 30 l/minute in adults and 15 l/ minute in

children; (10) at least two rates, 10 breaths/minute for
adults and 20 breaths/minute in children. If a demand flow
valve is incorporated, it should deliver a peak inspiratory
flow rate on demand of at least 100 l/minute at -2 cm H2O
triggering pressure to minimize the work of breathing.217

Additional desirable features include a pressure gauge, pro-
vision for continuous positive airway pressure, controls for
rate and tidal volume, and low pressure alarms to indicate
low oxygen pressure either from disconnection or deple-
tion of the gas source. Theoretically, both time or flow cycle
transport ventilators can replace BVM ventilation during
CPR. One particular model, the Ohmeda HARV or pneuPAC
2-R (Ohmeda Emergency Care, Orchard Park, NY), is com-
mercially available for either transport ventilation or
assisted mask ventilation. HARV produces a rectangular
flow waveform that is time-triggered, flow- or pressure-
limited, and time-cycled. A single control sets one of seven
rate/tidal volume combinations.288

Mechanically operated mask ventilation undoubtedly
presents advantages during CPR, because it frees the resus-
citator’s hand that typically is involved in squeezing the
bag. The use of a pressure-powered mechanical ventilator
that operates from an external pneumatic source (wall
pressured oxygen or portable oxygen tank) also has the
advantages of providing constant tidal volume, flow rate,
inspiratory time, and ventilation rate, once it is set. These
devices may help to reduce the frequency of hyperventila-
tion that is associated with manual bag resuscitators.

Monitoring ventilation during CPR

End-tidal carbon dioxide as a tool for monitoring the
progress of CPR

A number of studies have shown that end-tidal CO2 varies
directly with cardiac output during cardiac arrest,47,290–292

provides a useful indicator of the efficacy of resuscitation
efforts, and also predicts outcome.293–301 The presence of
end-tidal CO2 has been investigated as a guide to correct
placement of endotracheal intubation.302–305 Additionally,
capnography has been used in resuscitation research as an
indication of pulmonary blood flow, which serves as a
proxy for the direct measurement of cardiac output.306–309

Aerobic and anaerobic cellular metabolism generate
CO2, which diffuses out of the cell into tissue capillaries,
and is transported to the lungs, exhaled, and can be meas-
ured as end-tidal CO2.310,311 Under normal conditions, end-
tidal CO2 is 2 to 5 mmHg less than the PaCO2. Systemic
metabolism changes little during CPR, which is usually
relatively brief, although ischemic hypoxia can alter the
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respiratory quotient.312,314 The concentration of exhaled
CO2 changes when blood flow to the lungs changes and is
an indirect indicator of cardiac output and systemic blood
flow. Under conditions of constant minute ventilation, end-
tidal CO2 is linearly related to cardiac output, even during
extremely low blood flow rates (Fig. 28.14).313 The decrease
in end-tidal CO2 parallels closely the decrease in PaCO2 that
occurs when blood flow decreases, and is therefore useful
clinically as a monitor of perfusion during shock and CPR.
End-tidal CO2 changes rapidly with changes in flow, chang-
ing one breath after a change in perfusion and almost
reaching a new steady state within 30 seconds (Fig. 28.15).
After administration of epinephrine, however, the prior
relationships of end-tidal CO2 may be altered because of
the changes in pulmonary and peripheral vascular resist-
ance and preferential redirection of blood flow.302 In some
instances, epinephrine may cause decreased pulmonary
blood flow and end-tidal CO2, while at the same time coron-
ary perfusion pressure increases because of increased
peripheral vascular resistance (Fig. 28.16).314

During the past two decades, there has been great inter-
est in the physiology of end-tidal CO2, especially in low
blood flow states. The primary reason for this interest is
the difficulty in directly measuring low rates of blood flow,
particularly during human cardiac arrest. Because it is
much easier to measure, end-tidal CO2 has been used as

an indicator of pulmonary blood flow, which serves as a
proxy or substitute for the direct measurement of cardiac
output.

In animal models of cardiac arrest and resuscitation, end-
tidal CO2 has been shown to vary directly with cardiac
output.47,290,291 Coronary artery perfusion pressure, one of
the best prognostic indicators of survival in cardiac arrest,315

correlates closely with end-tidal CO2.297,298 For example,
end-tidal CO2 was higher during CPR in 17 animals that sur-
vived when compared to five animals that failed resuscita-
tion.292 Thus, end-tidal CO2 is correlated with blood flow and
successful resuscitation from cardiac arrest.

Investigators have used end-tidal CO2 as a substitute for
the measurement of blood flow in studies of CPR tech-
niques.306,309 End-tidal CO2 levels were found to increase
when greater force was applied during external chest com-
pression force in humans,306 while changes in compres-
sion rate had little effect on end-tidal CO2.307 Because
end-tidal CO2 is directly related to cardiac output when
minute ventilation is held constant, it is a useful tool in
CPR research as a substitute for the direct measurement of
cardiac output. Because lack of end tidal CO2 may simply
represent inefficient chest compression during CPR,
however, new devices have been introduced to confirm
endotracheal intubation in a setting of cardiac arrest. A
suction bulb and a large syringe, both with standard fitting
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for an endotracheal tube adaptor have been used to
recognize the tracheal versus a “virtual and collapsible
lumen” represented by the esophagus. At the time of this
writing, the sensitivity and specificity of these devices
during CPR have not been well established.316

Several studies of end-tidal CO2 during low blood flow
states found that levels changed significantly with changes
in minute ventilation.28,317 When minute ventilation
doubled, end-tidal CO2 decreased 50% and when minute
ventilation decreased 50%, end-tidal CO2 doubled. Thus,
end-tidal CO2 varies inversely with minute ventilation and
can be used to monitor ventilation during low flow condi-
tions. If both perfusion and ventilation are not constant,
end-tidal CO2 levels can be difficult to interpret.

The use of arterial and central venous blood gases
during CPR

It has been a longstanding practice to use arterial blood
pH, PO2, PCO2, and HCO3 to monitor ventilation and to
guide therapeutic interventions for abnormalities in
acid–base conditions during CPR.217 While PaCO2 and
PaO2 are useful for monitoring pulmonary ventilation,
there is mounting evidence that arterial blood may not reli-
ably reflect tissue acid–base conditions during low blood
flow states and that central venous blood more accurately
reflects conditions at the tissue level.

One study showed that after 5 minutes of untreated ven-
tricular fibrillation, arterial and mixed venous blood gases
remained nearly unchanged from baseline pre-arrest
values.173 Only the PaO2 decreased by 10 mmHg, but it was
still within the normal range. This demonstrates an
important relationship among blood flow, tissue perfu-
sion, and acid–base conditions. Blood that is contained
within the large arteries under no-flow conditions is static
and does not reflect ongoing intracellular metabolism
until some perfusion is restored so that blood at the tissue
level is mobilized back into circulation. Thus, if blood flow
is sufficiently low, pHa, PaO2, and PaCO2 might remain
“normal” for a prolonged period of time. Moreover, if ven-
tilation is held constant, pHa and PaO2 will increase and
PaCO2 will decrease as perfusion becomes worse.56

A number of investigations support the view that pHa
and PaCO2 can be used for monitoring the effectiveness of
resuscitation efforts during cardiac arrest.28,56,318,319 Arterial
PCO2 has been shown to correlate closely with cardiac
output and coronary perfusion pressure, which is known
to be a good predictor of success of resuscitation.
Nevertheless, changes must be interpreted differently from
those in conventional practice: when perfusion improves,
arterial blood becomes more acidemic, PaCO2 increases,

and PaO2 may decrease; when perfusion becomes worse,
arterial blood becomes more alkalemic, PaCO2 decreases,
and PaO2 increases.28,66,318

In addition, the timing of blood sampling is another vari-
able that must be considered. If arterial blood gases are
measured during CPR within 8 minutes of cardiac arrest,
pH is usually normal or alkaline because significant meta-
bolic acidosis has not yet developed and PaCO2 is lower
than normal. As the duration of CPR progresses, increasing
blood lactate and decreasing bicarbonate concentrations
ultimately cause an acidemic arterial pH.67 Administration
of sodium bicarbonate, which has been shown to cause an
increased pHa and PaCO2, must also be considered when
interpreting blood gases.59,68

Another important consideration when using arterial
blood gases is that PaCO2 and PaO2 values respond quickly
to changes in minute ventilation. In one study, PaCO2

increased by approximately 85% when minute ventilation
was decreased to 25% of the previous setting; similar
changes were observed with blood flow rates as low as 12%
of normal.28 Therefore, arterial blood gas analysis can be
used to assess perfusion when minute ventilation is held
constant, or to assess minute ventilation when perfusion is
held constant. When both perfusion and minute ventila-
tion are uncontrolled, it is difficult to interpret arterial
blood gases.

Mixed venous pH, PO2, and PCO2 are more useful than
arterial gases for assessing acid–base status and perfusion
during low flow states because they more closely reflect the
tissue environment.13,46,55,56,62,64,70,320 One study of hemor-
rhagic shock showed that mixed venous oxygen saturation
averaged 46% in survivors and only 25% in non-
survivors;183 others have found a similar relationship.321,322

A study of human cardiac arrest found that mixed venous
oxygen saturation was associated with prognosis for sur-
vival and mixed venous pH, PO2, and PCO2 measured
during cardiac arrest was substantially better in those
who ultimately had return of spontaneous circulation.44

Additionally, mixed venous blood gases are more useful
than arterial blood gases for assessing perfusion during
CPR, because they are much less affected than arterial
gases by changes in minute ventilation.28 Because of the
great difficulty in obtaining mixed venous blood samples
during CPR, other venous sites may be used as a substitute.
Evidence exists that central, femoral, intraosseous, and
mixed venous blood gas values are very similar, even
during prolonged cardiac arrest and CPR.323–325

In summary, PaCO2, mixed venous pH and PO2, and end-
tidal CO2 vary directly with blood flow, while mixed venous
PCO2 varies inversely with blood flow. Arterial PO2 and pH
vary directly with minute ventilation, while arterial and
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mixed venous PCO2 vary inversely with minute ventilation.
Both arterial and mixed venous blood gases are useful for
assessing the efficacy of resuscitation efforts. Arterial PO2

and PCO2 are most useful for assessing the adequacy of
ventilation, whereas mixed venous PO2 and PCO2 are most
useful for assessing the adequacy of circulation. At the
present time, there are no conclusive data that allow
recommendations on how frequently arterial or venous
gases should be monitored during resuscitation.

Conclusions

During normal cardiac activity, ventilation serves to
remove CO2 from and provide oxygen to tissues. The effect
of ventilation on tissues continues even during low flow
states, although its ability to provide oxygen and remove
CO2 is diminished and limited by blood flow. Ventilation
during the first few minutes of dysrhythmic adult cardiac
arrest has been somewhat de-emphasized in favor of more
effective chest compression. Manual techniques of venti-
lation have a number of advantages over mouth-to-mouth
ventilation, including safety from transmission of infec-
tious diseases and a superior ventilation gas (i.e., room air).
If obstruction of the airway could be prevented, manual
ventilation may be a useful alternative and should be
studied. In addition, chest compression alone can provide
some ventilation, provided that the upper airway is unob-
structed. The relationship between ventilation mechanics
and circulation has been studied in cardiac arrest and
hemorrhagic shock. Rescuers often inadvertently use
excessively high ventilation rates. Studies have found that
positive pressure ventilation may decrease blood flow by
decreasing venous return to the heart. Excessive ventila-
tion has a detrimental effect in cardiac arrest, shock, and
traumatic brain injury and should be avoided. Since 2005,
lower ventilation rates are now recommended.

Chest compression alone may be effective for the first few
minutes of witnessed sudden cardiac arrest. This would
certainly be an advantage because chest compression
without ventilation could be more easily mastered by lay
CPR providers and there would be less hesitation in provid-
ing bystander chest compression without mouth-to-mouth
ventilation. Although the few studies of ventilation and its
effect on outcome from cardiac arrest in humans are
promising, they are inconclusive. The issues surrounding
ventilation in resuscitation are critical and involve more
than 300 000 cardiac patients per year in United States, and
even more victims of severe traumatic injury. The scientific
community must respond to this challenge with a targeted,
multidisciplinary research effort.
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“. . . with a slight breath the lung will swell and the heart becomes

strong . . . and as I do this and take care that the lung is inflated at

intervals, the motion of the heart does not stop . . .” Vesalius

(1514–1564)

Introduction

Maintaining a patent airway is of paramount importance if
the lungs are to be inflated successfully with high inspired
oxygen concentration during cardiopulmonary resuscita-
tion (CPR) attempts. The association between delivering
adequate breaths via a patent airway and maintenance of
cardiac function was clearly recognized by Vesalius in the
sixteenth century. Patients requiring CPR often have an
obstructed airway, usually caused by loss of consciousness,
but occasionally it may be the primary cause of cardiopul-
monary arrest. Prompt assessment, with control of the
airway and ventilation of the lungs is essential. This will
help to prevent secondary hypoxic damage to the brain
and other vital organs as well as maintaining cardiac func-
tion. Without adequate oxygenation it may be impossible
to restore a spontaneous cardiac output from a
myocardium in cardiac arrest.

An extensive review of the science behind airway man-
agement during cardiac arrest was published recently:
the 2005 International Consensus on Cardiopulmo-
nary Resuscitation and Emergency Cardiovascular Care
Science with Treatment Recommendations (CoSTR).1 The
European Resuscitation Council (ERC) Basic Life Support
(BLS) and Advanced Life Support (ALS) Working Parties
have recently published new guidelines on management
of the airway during cardiac arrest and these were based
partly on the recommendations published in CoSTR.2,3

Airway obstruction

Causes of airway obstruction

Obstruction of the airway may be partial or complete. It may
occur at any level from the nose and mouth down to the
trachea (Fig. 29.1). In the unconscious patient, the com-
monest site of airway obstruction is at the level of
the pharynx. The precise cause of airway obstruction in the
unconscious state has been identified by studying patients
under general anesthesia.4–6 Until recently, this obstruction
had been attributed to posterior displacement of the tongue
caused by decreased muscle tone, with the tongue ulti-
mately touching the posterior pharyngeal wall.7,8 These
studies of anesthetised patients have suggested that the site
of airway obstruction is primarily at the soft palate and
epiglottis and not the tongue. Obstruction may be caused
also by vomit or blood, as a result of regurgitation of gastric
contents or trauma, or by foreign bodies. Laryngeal obstruc-
tion may be caused by edema from burns, infection, inflam-
mation, or anaphylaxis. Laryngeal spasm may be the result
of an inappropriate response to upper airway stimulation, or
caused by an inhaled foreign body. Obstruction of the airway
below the larynx is less common, but it may arise from exces-
sive bronchial secretions, mucosal edema, bronchospasm,
pulmonary edema, or aspiration of gastric contents.

If airway obstruction is left unattended or allowed to
progress, the consequences are progressive hypoxia, an
increased work load for the patient, fatigue, hypercarbia,
pulmonary edema, and ultimately complete airway
obstruction leading to cardiopulmonary arrest. Further-
more, attempting to ventilate the lungs of a patient with an
obstructed airway generates a cycle of gastric inflation
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and worsening respiratory system compliance as gas is
forced down the esophagus and into the stomach.9 Such
an unfortunate sequence is further compounded by
reduced pressure on the lower esophageal sphincter seen
shortly after loss of consciousness during cardiopul-
monary arrest.10

Assessment and recognition of airway obstruction

Airway obstruction can be subtle and is often missed by
many healthcare professionals as well as by laypeople. The
look, listen, and feel approach is a simple, systematic
method of detecting airway obstruction:
• look for chest and abdominal movements
• listen and feel for airflow at the mouth and nose.
In partial airway obstruction, air entry is diminished and
usually noisy. Inspiratory stridor is caused by obstruction
at the laryngeal level or above. Expiratory wheeze implies
obstruction of the lower airways, which tend to collapse
and obstruct during expiration. Other characteristic
sounds include:
• gurgling: caused by liquid or semisolid foreign material

in the main airways
• snoring: arises when the pharynx is partially occluded by

the soft palate or epiglottis
• crowing: is the sound of laryngeal spasm.
In a patient who is making respiratory efforts, complete
airway obstruction causes paradoxical chest and abdomi-
nal movement, often described as “see–saw breathing.” As
the patient attempts to breathe in, the chest is drawn in
and the abdomen expands, with the opposite in expiration.
This is in contrast to the normal breathing pattern of syn-
chronous movement upwards and outwards of the
abdomen (pushed down by the diaphragm) with the lifting
of the chest wall. During airway obstruction, other acces-
sory muscles of respiration are used, with the neck and the
shoulder muscles contracting to assist movement of the
thoracic cage. Full examination of the neck, chest, and
abdomen is required to differentiate the paradoxical move-
ments that may mimic normal respiration. The examina-
tion must include listening for the absence of breath
sounds in order to diagnose complete airway obstruction
reliably; any noisy breathing indicates partial airway
obstruction. During apnea, when spontaneous breathing
movements are absent, complete airway obstruction can
be recognized by failure to inflate the lungs during
attempted positive pressure ventilation. Unless airway
patency can be re-established to enable adequate lung
ventilation within a very few minutes, neurological and
other vital organ injury may occur, leading to cardiac
arrest.

In patients who have complete airway obstruction, the
continued uptake of oxygen from the gas remaining within
the lungs can generate negative pressure within the chest
cavity (“hypobaric thorax”). When airway obstruction is
relieved, upper airway gases from within the mouth and
pharynx may be sucked into the lungs by this negative
pressure. The application of high inspired oxygen levels
under these circumstances may greatly increase the pul-
monary and blood oxygen levels as the airway obstruction
is relieved.11,12

Basic airway management

Once any degree of obstruction is recognized,
immediate measures must be taken to create and maintain
a clear airway. There are three manoeuvres that can be
used to improve an airway obstructed by the tongue or
other upper airway structures: head tilt, chin lift, and jaw
thrust.
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Head tilt and chin lift

The rescuer’s hand is placed on the patient’s forehead and
the head is gently tilted back; the fingertips of the other
hand are placed under the point of the patient’s chin,
which is gently lifted to stretch the anterior neck structures
(Fig. 29.2).13–18

Jaw thrust

Jaw thrust is an alternative maneuver for bringing the
mandible forward and relieving obstruction by the soft
palate and epiglottis; it was described first in 1874.5

The rescuer’s index and other fingers are placed behind the
angle of the mandible, and pressure is applied upwards
and forwards. Using the thumbs, the mouth is opened
slightly by downward displacement of the chin (Fig. 29.3).

These simple positional methods are successful in most
cases in which airway obstruction is caused by relaxation
of the soft tissues. If a clear airway cannot be achieved,

other causes of airway obstruction must be sought. A solid
foreign body visible in the mouth should be removed using
a finger sweep. Broken or displaced dentures should be
removed, but well-fitting dentures are best left in place as
they help to maintain the contours of the mouth, facilitat-
ing a good seal for ventilation.

Airway management in patients with suspected
cervical spine injury

If spinal injury is suspected (e.g., if the victim has fallen,
been struck on the head or neck, or has been rescued after
diving into shallow water) the head, neck, chest, and
lumbar region should be maintained in the neutral posi-
tion during resuscitation. Excessive head tilt could aggra-
vate the injury and damage the cervical spinal cord;19–23

however, this complication has not been documented and
the relative risk is unknown. When there is a risk of cervical
spine injury, a clear upper airway should be established by
using jaw thrust or chin lift in combination with manual in-
line stabilization (MILS) of the head and neck by an assist-
ant.24,25 If life-threatening airway obstruction persists
despite effective application of jaw thrust or chin lift, head
tilt should be added, a little at a time, until the airway is
open; establishing a patent airway takes priority over con-
cerns about a potential cervical spine injury.

Adjuncts to basic airway techniques

Simple airway adjuncts are often helpful, and sometimes
essential to maintain an open airway, particularly when
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Fig. 29.2. Head tilt and chin lift. (Reproduced with permission

from Dr. Mike Scott.)

Fig. 29.3. Jaw thrust. (Reproduced with permission from Dr. Mike

Scott.)



resuscitation is prolonged. The position of the head and
neck must be maintained to keep the airway aligned.
Oropharyngeal and nasopharyngeal airways are designed
to overcome backward displacement of the soft palate and
tongue in an unconscious patient, but head tilt and jaw
thrust may also be required.

Oropharyngeal airways

Oropharyngeal (Guedel) airways (Fig. 29.4) are available in
sizes suitable for newborns to those required for large
adults. An estimate of the size required may be obtained by
selecting an airway with a length corresponding to the ver-
tical distance between the patient’s incisors and the angle
of the jaw. The most common adult sizes are 2, 3, and 4.

If the glossopharyngeal and laryngeal reflexes are
present, retching, vomiting, or laryngospasm may occur
during insertion of an oropharyngeal airway; thus, inser-
tion should be attempted only in comatose patients.

The procedure for insertion is as follows.
• Open the patient’s mouth and insert the airway in the

“upside-down” position as far as the junction between
the hard and soft palate and then rotate it through 180°;
it is then inserted further until it lies in the oropharynx.
This rotation technique minimizes the chance of
pushing the tongue backwards and downwards. A
tongue depressor may also be used to facilitate insertion.

• After insertion, maintain head tilt/chin lift or jaw thrust,
and check the patency of the airway.

The oropharyngeal airway can become obstructed at three
possible sites:26 part of the tongue can occlude the end of
the airway, the airway can lodge in the vallecula, and it can
be obstructed by the epiglottis.

Nasopharyngeal airways

In patients who are not deeply unconscious, a nasopha-
ryngeal airway is tolerated better than an oropharyngeal
airway. The nasopharyngeal airway may be life-saving in
patients with clenched jaws, trismus, or maxillofacial
injuries, when insertion of an oral airway is impossible.
Inadvertent insertion of a nasopharyngeal airway
through a fracture of the skull base and into the cranial
vault is possible, but extremely rare.27,28 In the presence of
a known or suspected basal skull fracture an oral airway is
preferred, but if this is not possible, and the airway is
obstructed, gentle insertion of a nasopharyngeal airway
may be life-saving (i.e., the benefits may far outweigh the
risks).

The tubes are sized in millimeters according to their
internal diameter, and the length increases with diameter.

The traditional methods of sizing a nasopharyngeal airway
(measurement against the patient’s little finger or anterior
nares) do not correlate with the airway anatomy and are
unreliable.29 Sizes 6–7 mm are suitable for adults. Insertion
can damage the mucosal lining of the nasal airway, causing
bleeding in up to 30% of cases.30 If the tube is too long it
may stimulate the laryngeal or glossopharyngeal reflexes
to produce laryngospasm or vomiting.

The procedure for insertion is as follows (Fig. 29.5).
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Fig. 29.4. Oropharyngeal airway. (Reproduced with permission from 

Dr. Mike Scott.)

Fig. 29.5. Insertion of nasopharyngeal airway. (Reproduced with

permission from Dr. Mike Scott.)



• Check for patency of the right nostril.
• Lubricate the airway thoroughly using water-soluble jelly
• Insert the airway bevel end first, vertically along the floor

of the nose with a slight twisting action. The curve of the
airway should direct it towards the patient’s feet. If any
obstruction is met, remove the tube and try the left nostril.

• Once in place, check the patency of the airway and ade-
quacy of ventilation by the look, listen, and feel tech-
nique. Chin lift or jaw thrust may still be required to
maintain airway patency. When there is suspicion of an
injury to the cervical spine, maintain correct alignment
of the head and neck.

Supraglottic airway devices

The tracheal tube has generally been considered as the
optimal method of managing the airway during cardiac
arrest. But there is evidence that, without adequate train-
ing and experience, the incidence of complications, such
as unrecognized esophageal intubation (6%–14% in some
studies)31–34 and dislodgement, is unacceptably high.35

Prolonged attempts at tracheal intubation are harmful: the
cessation of chest compressions during this time will com-
promise coronary and cerebral perfusion. Several alterna-
tive airway devices have been considered for airway
management during CPR.36 Many of these devices are
designed to enable ventilation through apertures situated
above the laryngeal inlet. Some have perilaryngeal cuffs
and some have pharyngeal cuffs. Many also have

esophageal drain tubes, whereas others are simply placed
as esophageal obturators.

The Combitube, the classic laryngeal mask airway
(cLMA), and the laryngeal tube (LT) are the only alternative
devices that have been studied during CPR, but none of
these studies has been powered adequately to enable sur-
vival to be studied as a primary endpoint; instead, most
researchers have studied insertion and ventilation success
rates. There are no data supporting the routine use of any
specific approach to airway management during cardiac
arrest. The best technique depends on the precise circum-
stances of the cardiac arrest and the competence of the
rescuer.

Laryngeal mask airway and variants

Classic LMA
The cLMA was introduced in 1988 and comprises a wide
bore tube with an elliptical inflated cuff designed to seal
around the laryngeal opening (Fig. 29.6). When positioned
correctly, the cLMA tip lies within the top of the esophagus.
Experience with its use is extensive, with 2500 publications
and an estimated 200 million insertions worldwide.36 The
cLMA is easier to insert than a tracheal tube.37–43

On the basis of data from anesthetic practice, the cLMA
establishes an airway in more than 99% of cases; when
attempted bag-mask ventilation fails, the cLMA will
resolve airway obstruction in more than 95% of cases.44

The LMA has been studied during CPR but none of these
studies has compared it directly with the tracheal tube.
During CPR, successful ventilation was achieved with the
LMA in 72%–98% of cases (Table 29.1).45–51

Ventilation with the LMA is more efficient and easier than
with a bag-mask.52 When an LMA can be inserted without
delay it is preferable to avoid bag-mask ventilation alto-
gether. When used for intermittent positive pressure venti-
lation, provided that high inflation pressures (�20 cm H2O)
are avoided, gastric inflation can be minimized. In compar-
ison with bag-mask ventilation, use of a self-inflating bag
and LMA during cardiac arrest reduces the incidence of
regurgitation from 12% to 3%.53 In cases of suspected neck
injury, the cLMA can be inserted easily with the head and
neck maintained in a neutral position.54,55

In comparison with tracheal intubation, the perceived
disadvantages of the LMA are the increased risk of aspira-
tion and inability to provide adequate ventilation in
patients with low lung and/or chest wall compliance.
There are remarkably few cases of pulmonary aspiration
reported in the studies of the LMA during CPR. Rumball
and MacDonald reported 1 aspiration out of 15 cases that
were autopsied,45 Tanigawa and Shigematsu reported six
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Fig. 29.6. Laryngeal mask airway. (Reproduced with permission
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cases of aspiration (almost certainly under-reported), 47

and Baskett reported just one case and this patient
survived to discharge.48 There are no data demonstrating
whether or not it is possible to provide adequate ventila-
tion via an LMA without interruption of chest compres-
sions. The ability to ventilate the lungs adequately while
continuing to compress the chest may be one of the main
benefits of a tracheal tube. There has been one case report
describing gastric rupture associated with use of the LMA
during CPR;56 however, this complication is more likely to
have been caused during the period of layperson CPR
before arrival healthcare professionals.57

Although often taught as a method for helping to protect
the airway from esophageal and gastric sources of aspira-
tion, cricoid pressure is problematic when used with the
LMA. Evidence clearly suggests that application of cricoid
pressure impairs the correct positioning and function of
the LMA.58–60 The tip of the LMA normally sits within the
upper esophageal sphincter where studies on cadavers
have shown that acts as an “obturator” preventing, to a
certain degree, overspill of esophageal contents into the
larynx. This position is important when the LMA is used as
a ventilation device. The application of cricoid pressure
prevents the LMA from adopting its correct location in
relation to the larynx, and the aperture of the LMA is
pushed out towards the base of the tongue.

Technique for insertion of a laryngeal mask airway
• Select an LMA of appropriate size for the patient and

deflate the cuff fully. A size 5 will be correct for most men
and a size 4 for most women. Lubricate the outer face of
the cuff area (the part that will not be in contact with the
larynx) with water-soluble gel.

• Flex the patient’s neck slightly and extend the head (try
to maintain neutral alignment of the head neck if there is
suspicion of cervical spine injury).

• Holding the LMA like a pen, insert it into the mouth (Fig.
29.7). Advance the tip behind the upper incisors with the
upper surface applied to the palate until it reaches the
posterior pharyngeal wall. Press the mask backwards
and downwards around the corner of the pharynx until
resistance is felt as it locates in the back of the pharynx.
If possible, get an assistant to apply a jaw thrust after the
LMA has been inserted into the mouth – this increases
the space in the posterior pharynx and makes successful
placement easier.

• Connect the inflating syringe and inflate the cuff with air
(40 ml for a size 5 LMA and 30 ml for a size 4 LMA); alter-
natively, inflate the cuff to a pressure of 60 cm H2O. If
insertion is satisfactory, the tube will lift 1–2 cm out of the
mouth as the cuff finds its correct position and the larynx
is pushed forward.
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Table 29.1. The success rates for insertion and/or
ventilation with the LMA during CPR

In-/out-of- Insertion Ventilation

Study hospital n (%) (%)

Baskett, 199448 In 164 100 86

Kokkinis, 199450 In 50 N/A 98

Leach et al., 199351 In 40 N/A 95

Verghese 

et al., 199446 In 64 100 N/A

Grantham 

et al., 199449 Out 156 N/A 90

Rumball & 

MacDonald, 199745 Out 108 N/A 73

Tanigawa & 

Shigematsu, 199847 Out 2701 89.5 71.5

Fig. 29.7. Technique for insertion of laryngeal mask airway.

(Reproduced with permission from Dr. Mike Scott.)



• If the LMA has not been inserted successfully after 30
seconds, oxygenate the patient by using a pocket mask or
bag-mask before reattempting LMA insertion.

• Confirm a clear airway by listening over the chest during
inflation and observing bilateral chest movement. A
large, audible leak suggests malposition of the LMA,
but a small leak is acceptable provided that chest rise is
adequate.

• Insert a bite block alongside the tube if available and
secure the LMA with a bandage or tape.

Single-use LMA
The cLMA can be reused up to 40 times after sterilization.
After the patent for the basic design of the cLMA expired in
2003, several companies have manufactured single-use
versions, many of which are currently available. All differ
slightly from the cLMA. Several reports indicate slightly
increased difficulty with insertion of the single-use vari-
ants,61–63 although seal pressure may be slightly higher in
some models.62–64 There are no studies of single-use laryn-
geal masks during resuscitation either in or out of hospital
and their routine use during CPR cannot necessarily be
extrapolated from the data acquired when using the cLMA.
Single-use airway devices may have advantages when they
are likely to be used infrequently and where there are prob-
lems accessing sterilizing services, e.g., out-of-hospital.

ProSeal LMA
The ProSeal LMA (PLMA) is a modified version of the orig-
inal LMA. It has an additional posterior cuff and a gastric

drain tube (Fig. 29.8). The device has been studied exten-
sively in anesthetized patients,65 but there are no studies of
its function and performance during CPR. It has several
attributes that, in theory, make it more suitable than the
original LMA for use during CPR. Nine comparative studies
of 1470 patients indicate that the airway seal pressure is
approximately 50% higher with the PLMA than the
cLMA (PLMA 27–31 cm H2O vs. cLMA 16–22 cm H2O).65 The
inclusion of a gastric drain tube enables venting of liquid
gastric contents regurgitated from the upper esophagus
and passage of a gastric tube to drain liquid gastric con-
tents. The in-built bite block prevents occlusion of the
airway tube. The higher seal pressures achieved with the
ProSeal may enable ventilation volume to be maintained
during uninterrupted chest compressions. At pressures
above 30 cm H2O, leak-free ventilation should be achiev-
able in 48% of patients with the PLMA, but in only 4% with
the cLMA.66 Potential weaknesses of the ProSeal LMA as an
airway device for CPR are that it is slightly more difficult to
insert than is the original LMA, it is not available in dispos-
able form at present (although expected to be available in
2007), it is relatively expensive, and that solid regurgitated
gastric contents could block the gastric drainage tube.
There are no data on its performance during CPR in
humans, but the cLMA, PLMA, intubating LMA (ILMA),
LMA Unique (single-use), facemask and tracheal tube have
been evaluated in a manikin with chest compressions
given by a mechanical chest thumper.67 Ventilation was
measured both during interrupted and uninterrupted
chest compressions. When chest compressions were
paused for ventilation, all airway devices performed ade-
quately. When chest compressions were uninterrupted,
only the PLMA, ILMA, and tracheal tube (TT) enabled
effective ventilation of the manikin; excessive gastric infla-
tion occurred with the other airway devices. The Proseal
LMA is also inserted easily with the head and neck main-
tained in a neutral position, making it useful in suspected
cases of cervical spine injury.68

Intubating LMA
The intubating LMA (ILMA) is valuable for managing the
difficult airway during anesthesia, but it has not been
studied during CPR. Although it is relatively easy to insert
the ILMA,69,70 reliable, blind insertion of a tracheal tube
requires considerable training71 and, for this reason, it is not
an ideal technique for the inexperienced provider. The ILMA
provides a slightly higher airway seal pressure than the
cLMA (ILMA 34 cm H2O vs. cLMA 27 cm H2O) enabling leak-
free ventilation in a higher proportion of patients. 70 Further
improvements in the seal pressure are possible by pushing
the ILMA onto the laryngeal inlet after first optimizing its
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Fig. 29.8. ProSeal laryngeal mask airway. (Reproduced with

permission from Dr. Mike Scott.)



position. The device can also be inserted successfully with
the head and neck maintained in a neutral position in sus-
pected cases of cervical spine injury.72 Concerns surround-
ing the pressure applied to the cervical spine by the rigid
metal tube of the ILMA have not been substantiated and
there are no case reports of neurological deterioration after
ILMA insertion in patients with known cervical spine
injury.73,74 Like the cLMA, cricoid pressure significantly
impairs the ability to place the ILMA correctly.75 A single-use
version of the ILMA is now available, which may make it a
useful option for managing the airway during CPR.

Combitube

The Combitube is a double-lumen airway available in two
sizes (37F SA and 41F).76 It is passed blindly into the mouth,
over the tongue and into the pharynx. It enables ventilation
of the patient’s lungs whether the tube enters the esopha-
gus or trachea. The tracheal channel has an open distal
end. The esophageal tube has no terminal opening, but has
several small side-holes located between two cuffs. A large
volume pharyngeal cuff (85–100 ml) and a small volume
distal cuff (12–15 ml) are used to create seals so that the
device may function correctly. Each cuff has an independ-
ent pilot balloon. The Combitube is positioned by opening
the mouth and manually lifting the jaw. Prior bending of
the device into a “hockey stick” configuration aids place-
ment. A laryngoscope is not necessary and, if the
Combitube is inserted correctly, no fixation is required.
When introduced blindly, the tube usually enters the
esophagus (in 95% of cases), and the patient’s lungs are
ventilated through the esophageal channel via the side
holes located at, or above, the larynx (Fig. 29.9(a)). Gas
cannot pass down the esophagus because of the blind end
of the esophageal channel, and the distal cuff, which is
positioned just proximal to the blind end. If the tube enters
the trachea, ventilation is achieved via the tracheal port
through its open distal end (Fig. 29.9(b)).

The Combitube may have some distinct advantages over
other available airway adjuncts. It occludes the esophagus
with a distal cuff and allows “venting” of esophageal and
gastric contents via one of the two lumens. This may also
protect against gastric rupture. Ventilation with high
airway pressures is possible, furthermore, the Combitube
functions well with the neck maintained in a neutral posi-
tion making it potentially useful in victims of trauma.77

Early published data with use of the device showed an
improvement in arterial oxygenation when compared with
ventilation via a tracheal tube at equivalent oxygen concen-
trations.78 This is probably a consequence of positive end
expiratory pressure in the trachea generated via increased

resistance to expiration through the small supraglottic aper-
tures. There may also be some degree of glottic closure.

There are many studies of the Combitube in CPR and suc-
cessful ventilation was achieved in 79%–98% of patients
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(a)

(b)

Fig. 29.9. Combitube in (a) esophageal and, (b) tracheal positions.



(Table 29.2).47,79–85 All except one79 of these studies involved
out-of-hospital cardiac arrest, which reflects the infre-
quency with which the Combitube is used in hospitals. The
Combitube has been compared directly with the tracheal
tube during CPR in four controlled studies (Table 29.3). On
the basis of these studies, the Combitube appears as safe
and effective as tracheal intubation for airway management
during cardiac arrest; however, there are inadequate survival
data to permit us to comment with certainty on the impact
on outcome.The relatively poor success rates in both studies
by Rumball and colleagues’ probably reflects the relatively
short period of manikin-only training;45,84 however, the
physicians in the Rabitsch study received just 2 hours of
manikin training with the Combitube (they were already
skilled in tracheal intubation).85 It is possible to attempt to
ventilate the lungs through the wrong port of the Combitube
(2.2% in one study):80 this is equivalent to unrecognized
esophageal intubation with a standard tracheal tube.

Recent work has suggested that higher airway pressures
(up to 30 cm H2O) can be generated with the Combitube
than with the cLMA.87 Furthermore, drug access to the
trachea via the Combitube has been demonstrated suc-
cessfully with both lidocaine and adrenaline.88 One other
major advantage of the Combitube is the ability to deflate
the pharyngeal balloon while keeping the esophageal
balloon inflated. The trachea can thus be safely intubated
and protected from esophageal contents when the device
needs to be exchanged for a tracheal tube. Finally, it
appears that the Combitube protects the larynx well from
soiling above the larynx. A study of methylene blue
instilled above the inflated pharyngeal balloon has
demonstrated little staining of the trachea.89

Limitations of the Combitube
Much of the recent work has also highlighted problems with
the Combitube. The device may be difficult to insert without

correct training. Since it is not in daily use for non-emergen-
cies, teaching is limited to manikins. It also causes a degree
of pharyngeal or laryngeal trauma during insertion. In two
studies, the incidence of blood staining the Combitube after
removal was 24% and 45%.89,90 Some trauma may be related
to overdistension of the pharyngeal balloon and consequent
stretching of the pharyngeal mucosa. It would seem prudent
therefore to recommend that the proximal cuff is inflated
sufficiently only to create the best pharyngeal seal possible.
More recently this suggestion has been supported with
pharyngeal cuff volumes for the Combitube correlating well
with patient height when titrated to leak pressure.87,91

Furthermore, esophageal rupture,82,92 mucosal tears and
hematomas91 have been reported after Combitube inser-
tion. Studies in cadavers have demonstrated significant dis-
tortion to the esophagus by the Combitube, thought to be
due to pressure exerted by its tip which is angulated anteri-
orly.93 This may, in part, explain some of the reported cases
of esophageal perforation.

There are also reports of a complete inability to ventilate
the lungs by using the Combitube. This is usually caused by
the device being inserted too far, with the pharyngeal cuff
sitting directly over the laryngeal inlet. Withdrawing the
tube a small distance easily overcomes the problem. Finally,
while it has been shown that ventilation in the presence of
a cervical collar is adequate, insertion of the Combitube
with the patient wearing a cervical collar is very difficult.
One study demonstrated a complete inability to insert the
device in 10/15 patients when a rigid cervical collar was in
place.77 This was probably caused by poor mouth opening
and the size of the device. In half of these failures insertion
was possible with the aid of a laryngoscope. Other studies
have demonstrated that, in comparison with several other
supraglottic airway devices, the Combitube potentially
causes the most cervical spine movement.23

Laryngeal tube

The laryngeal tube (LT) is a relatively new airway device
(Fig. 29.10); its function in anesthetized patients has been
reported in several studies.94,95 The performance of the LT
is favorable in comparison with the classic LMA and
ProSeal LMA96–99 and successful insertion rates have been
reported even in studies of paramedics and emergency
medical technicians.100,101 There are sporadic case reports
relating to use of the LT during CPR.102,103 In a recent study,
the LT was placed in 30 patients in cardiac arrest out-of-
hospital by minimally trained nurses.104 Insertion of the
laryngeal tube was successful within two attempts in 90%
of patients, and ventilation was adequate in 80% of cases.
No regurgitation occurred in any patient.
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Table 29.2. The success rates for insertion and/or
ventilation with the Combitube during CPR. All except
that of Staudinger et al.* are out-of-hospital studies

Insertion Ventilation 

Study n (%) (%)

Lefrancois & Dufour, 200280 831 95.4 91.4

Ochs et al., 200081 195 N/A 79

Rabitsch et al., 200385 89 98 98

Rumball & McDonald, 199745 77 N/A 86

Rumball et al., 200484 95 N/A 65.2

Tanigawa & Shigematsu, 199847 1594 93.1 78.9

*Staudinger et al., 199379 20 94 94 



There are three other modified versions of the LT:
the single-use LT, the LT-Suction II, and the single-use
LT-Suction II.95 The LT-Suction II has a suction tube located
behind the airway tube. Two studies of the first version of
this device in anesthetized patients indicate that its per-
formance is similar to the ProSeal LMA105,106, but one study
concluded that the quality of the airway achieved with the
LT-Suction was inferior to that achieved with the ProSeal
LMA.107 The LT-Suction II has yet to be studied during CPR.

Other new supraglottic airway devices

There are now a large variety of commercially available new
airway devices. All are designed in some way to be placed
above the larynx and allow a blind insertion technique.
Current manufacturing legislation allows such devices to be
sold for clinical use without any properly conducted human
trial data as to their efficacy. Many of the new devices are
marketed for use during cardiopulmonary resuscitation,
but until reliable data are available, they should be used with
caution. Recent work and subsequent correspondence con-
cerning where some of these new devices are positioned
within the pharynx has highlighted some of the issues.108,109

Tracheal intubation

There is insufficient evidence to support or refute the use of
any specific technique to maintain an airway and provide
ventilation in adults with cardiopulmonary arrest. Despite
this, tracheal intubation is perceived as the optimal method
of providing and maintaining a clear and secure airway.
It should be used only when highly skilled, confident
personnel are available to carry out the procedure. The only

randomized controlled trial comparing tracheal intubation
with bag-mask ventilation (BMV) was undertaken in chil-
dren requiring airway management out-of-hospital.110

There was no difference in survival to discharge: 123/404
(30%) in the bag-mask group vs. 110/416 (26%) in the intu-
bation group (OR 0.82 (95% CI 0.61–1.11)). In the children
with a diagnosis of cardiopulmonary arrest (n � 591) the
survival to hospital discharge was 24/290 (8%) in the bag-
mask group vs. 24/301 (8%) in the tracheal intubation
group. Of the 420 children in the intubation group, para-
medics attempted intubation in 305 (73%) and, of these,
174 (57%) were intubated successfully. There were three
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Table 29.3. Controlled studies comparing the Combitube with the tracheal tube during CPR

Ventilation success Ventilation success

Study n Combitube Tracheal tube Comments

Staudinger et al., 199379 37 16/17 (94%) 19/20 (95%) In-hospital, better PaO2 with 

Combitube

Staudinger et al., 199486 86 N/A N/A Inadequate data in German 

abstract

Rabitsch et al., 200385 172 87/89 (98%) 78/83 (94%) 5 intubation fails had

Combitube OK 2, Combitube 

fails were intubated 

Insertion time shorter with 

Combitube (12 s vs. 18 s)

–  Physicians

Rumball et al., 200484 357 62//95 (65%) 175/250 (70%) Minimal training

Fig. 29.10. Laryngeal tube. (Reproduced with permission from

Dr. Mike Scott.)



(2%) unrecognized esophageal intubations and 12 (6%)
unrecognized tube dislodgements. The incidence of vomit-
ing (14%) and aspiration (14%–15%) was no different
between the groups, but gastric distention was more
common in the bag-mask group (31% vs. 7%). It is very dif-
ficult to extrapolate these data to adult cardiac arrest: chil-
dren are more difficult to intubate and tube dislodgement
is probably more likely, paramedic training was suboptimal
(6 h of classroom training in pediatric airway management;
they were already trained in and practiced adult tracheal
intubation), and the etiology of cardiac arrest in children is
different from that in adults. Two studies compared out-
comes from out-of-hospital cardiac arrest in adults when
treated by either emergency medical technicians or para-
medics.111,112 The skills provided by the paramedics, includ-
ing intubation and intravenous cannulation111,112 and drug
administration,112 made no difference to survival to hospi-
tal discharge.

The perceived advantages of tracheal intubation over
bag-mask include: maintenance of a patent airway, which
is protected from aspiration of gastric contents or blood
from the oropharynx; ability to provide an adequate tidal
volume reliably, even when chest compressions are unin-
terrupted; the ability to generate high airway pressures
where significant resistance is encountered, e.g., asthma;
the potential to free the rescuers’ hands for other tasks; the
ability to suction airway secretions; and the provision of a
route for giving drugs. Use of the bag-mask is more likely
to cause gastric distension, which, theoretically, is more
likely to cause regurgitation with risk of aspiration;
however, the higher incidence of regurgitation occurred in
a study of the laryngeal mask airway vs. bag-mask.53

Nonetheless, there are no reliable data to indicate that the
incidence of aspiration is any lower in cardiac arrest
Patients ventilated with bag-mask versus those who are
ventilated via tracheal tube.

The perceived disadvantages of tracheal intubation over
the bag-mask include: the risk of an unrecognized mis-
placed tracheal tube, which in patients with out-of-hospital
cardiac arrest is as high as 6%31–33 to 14% (Table 29.4);34 a
prolonged time without chest compressions while intuba-
tion is attempted; and a comparatively high failure rate.
Intubation success rates correlate with the intubation ex-
perience attained by individual paramedics.113 Rates for
failure to intubate are as high as 50% in prehospital systems
with a low patient volume and providers who do not
perform intubation frequently.33 The cost of training pre-
hospital staff to undertake intubation should also be con-
sidered. Healthcare personnel who undertake prehospital
intubation should do so only within a structured, moni-
tored program, which should include comprehensive com-

petency-based training and regular opportunities to refresh
skills.

In some cases, laryngoscopy and attempted intubation
may prove impossible or cause life-threatening deterior-
ation in the patient’s condition. Such circumstances
include acute epiglottitis, pharyngeal pathology, head
injury (where straining may occur, further raising intracra-
nial pressure), or in patients with cervical spine injury.
In these circumstances, specialist skills such as the use
of anesthetic drugs or fiberoptic laryngoscopy may be
required. These techniques require a high level of skill and
training.

Rescuers must weigh the risks and benefits of intubation
against the need to provide effective chest compressions.
The intubation attempt will require interruption of chest
compressions, but once an advanced airway is in place,
ventilation will not require interruption of chest compres-
sions. Personnel skilled in advanced airway management
should be able to perform laryngoscopy without stopping
chest compressions – a brief pause in chest compressions
will be required as the tube is passed through the vocal
cords. Alternatively, to avoid any interruptions in chest
compressions, the intubation attempt may be deferred
until return of spontaneous circulation. No intubation
attempt should take longer than 30 seconds: if intubation
has not been achieved after this time, bag-mask ventilation
should be restarted.3 After intubation, tube placement
must be confirmed and the tube secured adequately.

Aids to intubation

Alternative laryngoscope blades
The Macintosh blade is a good general-purpose blade
and size 3 is suitable for most adults. Occasionally a
longer (size 4) blade is better for very large, long-necked
patients. The McCoy levering laryngoscope has a hinged
tip, and will often improve the view at laryngoscopy.114

Use of the straight blade is occasionally necessary and
often preferred by some, particularly in the United
States.115,116
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Table 29.4. Reported rates of unrecognized esophageal
intubation after out-of-hospital cardiac arrest

Study Number (%)

Sayre, M.R., 199833 3/103 (2.9)

Rumball, C., 200484 7/208 (3.0)

Pelucio, M., 199732 10/168 (6.0)

Jones, J.H., 200431 10/160 (6.3)

Katz, S.H., 200134 18/108 (16.7)



Introducers
If visualization is difficult, a gum elastic bougie may be
helpful to guide the tracheal tube into the larynx.117–120 It is
best inserted into the larynx separately – the tube is then
passed over it into the trachea. When correctly placed, a
bougie will demonstrate “hold up” within the bronchial
tree.121 A bougie placed accidentally in the esophagus will
pass without obvious resistance.

Newer single-use bougies are now widely available. They
do not possess the same memory, i.e., retain the shape into
which they are preformed before insertion into the
trachea, and their performance is inferior to the reusable
device.122,123

Confirmation of correct placement of the tracheal tube

Unrecognized esophageal intubation is the most serious
complication of attempted tracheal intubation – routine
use of primary and secondary techniques to confirm
correct placement of the tracheal tube should reduce this
risk. Primary assessment includes observation of chest
expansion bilaterally, auscultation over the lung fields
bilaterally in the axillae (breath sounds should be equal
and adequate) and over the epigastrium (breath sounds
should not be heard). Clinical signs of correct tube place-
ment (condensation in the tube, chest rise, breath sounds
on auscultation of lungs, and inability to hear gas enter-
ing the stomach) are not completely reliable. Secondary
confirmation of tracheal tube placement by an exhaled
CO2 or esophageal detection device should reduce the
risk of unrecognized esophageal intubation. If there is
doubt about correct tube placement, the laryngoscope
should be used to see if the tube passes through the vocal
cords.

None of the secondary confirmation techniques will
differentiate a tube placed in a main bronchus from
one placed correctly in the trachea. Data are currently
inadequate to identify the optimal method of confirming
tube placement during cardiac arrest and all devices
should be considered as adjuncts to other confirmatory
techniques.1,124

Esophageal detector device
The esophageal detector device creates a suction force at
the tracheal end of the tracheal tube, either from pulling
back the plunger on a large syringe or releasing a com-
pressed flexible bulb. Air is aspirated easily from the lower
airways through a tracheal tube placed in the cartilage-
supported rigid trachea. When the tube is in the esopha-
gus, air cannot be aspirated because the esophagus
collapses when aspiration is attempted. The esophageal

detector device is generally reliable in patients with both a
perfusing and a non-perfusing rhythm, but it may be mis-
leading in patients with morbid obesity, late pregnancy, or
severe asthma, or when there are copious tracheal secre-
tions; in these conditions the trachea may collapse when
aspiration is attempted.33,125–129

The esophageal detector device is highly sensitive for
detecting misplaced tracheal tubes in the esophagus.129–133

But in two studies of patients in cardiac arrest, the
esophageal detector device had poor sensitivity for con-
firming tracheal placement of a tracheal tube:125,126 up to
30% of correctly placed tubes may have been removed
because the esophageal detector device suggested eso-
phageal placement of a tube.134

Carbon dioxide detector devices
Carbon dioxide detector devices (waveform, colorimetry,
or digital) measure the concentration of CO2 exhaled from
the lungs and may be useful as adjuncts to confirm tra-
cheal tube placement during cardiac arrest.124,126,134–144 The
persistence of exhaled CO2 after six ventilations indicates
placement of the tracheal tube in the trachea or a main
bronchus.135 Confirmation of correct placement above the
carina will require auscultation of the chest bilaterally in
the mid-axillary lines. In patients with a spontaneous cir-
culation, a lack of exhaled CO2 indicates that the tube is in
the esophagus. During cardiac arrest, pulmonary blood
flow may be so low that there is insufficient exhaled CO2, so
the detector does not identify a correctly placed tracheal
tube. When exhaled CO2 is detected in cardiac arrest, it
indicates reliably that the tube is in the trachea or main
bronchus, but when it is absent, placement of the tracheal
tube is best confirmed with an esophageal detector device.
A variety of electronic as well as simple, inexpensive, col-
orimetric CO2 detectors are available for both in-hospital
and out-of-hospital use. Again data from cardiac arrests
are insufficient to enable any firm recommendations for
any particular one of these techniques.

If there is a perfusing rhythm, detection of exhaled CO2

can be used to monitor tracheal tube position during
transport. 145

Cricoid pressure

During bag-mask ventilation and attempted intubation,
cricoid pressure applied by a trained assistant should
prevent passive regurgitation of gastric contents and the
consequent risk of pulmonary aspiration.146–150

The cricoid cartilage is identified immediately below the
thyroid cartilage where it forms a complete ring at the
upper end of the trachea. A pressure of 30 newtons (3 kg) is
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applied anteroposteriorly, forcing the cricoid ring back-
wards to press the esophagus against the vertebral column
(Fig. 29.11).151,152 Pressure should be maintained continu-
ously until a tracheal tube is inserted through the vocal
cords and the cuff has been inflated. Although effective at
preventing passive regurgitation, cricoid pressure should
not be used in cases of active vomiting or retching, as it
could result in damage/rupture to the esophagus, particu-
larly in the presence of esophageal pathology.153 In patients
with suspected cervical spine injury, counter-pressure may
be applied to the back of the neck to reduce movement of
the cervical spine.154 If the technique is applied imprecisely
or with excessive force, ventilation with a bag–valve–mask
and tracheal intubation can be made significantly more
difficult. Application of cricoid pressure at 30 N causes
airway obstruction in 3% of patients compared with 35%
when 40 N are applied.155 If ventilation of the patient’s
lungs is not possible, reduce the pressure applied to the
cricoid cartilage or remove it completely.

It is also important to apply the cricoid pressure in
the correct direction. If the true perpendicular
anterior–posterior position is not used, significant prob-
lems may occur. Pushing the larynx in an upward direction
(a technique often used to improve the view at laryn-
goscopy) will cause closure of the vocal cords and worsen
any attempts at ventilation.152 If the patient’s head and
neck are not aligned correctly, e.g., during lateral tilting of
the pregnant patient, the view at laryngoscopy may be
made worse if the cricoid is displaced to the left.

Securing the tracheal tube

Accidental dislodgement of a tracheal tube can occur at
any time, but may be more likely during resuscitation and
during transport. There are no studies comparing different
strategies for securing the tracheal tube during CPR. Two
studies undertaken in intensive care units,156,157 comparing
commercial devices with traditional taping for securing
tracheal tubes, reported no difference in rates of acciden-
tal tube displacement. Thus, either conventional tapes or
ties, or purpose-made tracheal tube holders can be used to
secure the tracheal tube during CPR.

Cricothyroidotomy

Occasionally it will be impossible to ventilate an apnoeic
patient with a bag-mask, or to pass a tracheal tube or alter-
native airway device. This may occur in patients with
extensive facial trauma or laryngeal obstruction caused
by edema or foreign material. In these circumstances,
delivery of oxygen through a needle or surgical cricothy-
roidotomy may be life-saving.158–160 A tracheostomy is con-
traindicated in an emergency as it is time-consuming,
hazardous, and requires considerable surgical skill and
equipment.

Surgical cricothyroidotomy provides a definitive airway
that can be used to ventilate the patient’s lungs until semi-
elective intubation or tracheostomy is performed. Needle
cricothyroidotomy is a much more temporary procedure
providing only short term oxygenation.161 It requires a
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Fig. 29.11. Application of cricoid pressure. (Reproduced with permission from Dr. Mike Scott.)



wide-bore non-kinking cannula, a high pressure oxygen
source, runs the risk of barotrauma, and can be particularly
ineffective in patients with chest trauma. It is also prone to
failure because of kinking of the cannula, and is unsuitable
for patient transfer. A recent cadaver study indicated that a
Seldinger technique cricothyroidotomy was quicker to
achieve than a standard surgical technique;162 however, an
animal study indicated that a cannula-over-needle tech-
nique (Quicktrach) was better than a wire-guided tech-
nique (Mini-trach).163

Several new purpose-built cricothyroidotomy devices
are now available, e.g., PCT (Portex), Quicktrach II (VBM),
cuffed Melker (Cook). These are manufactured to enable
quick and easy insertion, they have a short wide-bore tube
permitting ventilation with a self-inflating bag, and they
have cuffs to enable both high airway pressure ventilation
and airway protection.

Summary

Airway obstruction is common during cardiopulmonary
arrest; establishing and maintaining a patent airway is a
fundamental component of cardiopulmonary resuscita-
tion. Basic airway maneuvers with or without the use of
simple adjuncts will often enable airway patency to be
established. In the hands of highly skilled personnel, tra-
cheal intubation should provide the most reliable protec-
tion of the airway and route for ventilation of the lungs
during cardiac arrest. The time taken to insert the tracheal
tube and the risk of unrecognized esophageal intubation,
however, are significant disadvantages. Supraglottic air-
way devices, such as the LMA and Combitube, are easier to
insert than a tracheal tube and may be a better option for
personnel who are not skilled in tracheal intubation.
Several other supraglottic devices are available, but there
are insufficient data to recommend their use during CPR.
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External chest compression: standard
and alternative techniques





The standard technique of external chest compression in
cardiopulmonary resuscitation (CPR) has changed little
since the landmark paper of Kouwenhoven et al. in 1960
(Fig. 30.1).1 This is despite the fact that a variety of alternate
techniques have been proposed as providing an advantage
over the standard method. The rhythmic application of
force to the body of the patient is fundamental to the
process of generating blood flow in CPR, but there is little
agreement as to the optimal technique for applying that
force. There is a great need for improved external chest
compression techniques since only an average of 15% of
patients treated with standard CPR survive cardiac
arrest,2,3 and it is widely agreed that increasing the blood
flow generated by chest compression will improve survival.

This chapter will review the standard external chest
compression technique as it is currently taught, including
its origins and its rather scant scientific basis. It will also
explore in detail the origins, physiology, and applicabil-
ity of some alternate manual techniques that have been
proposed.

Standard external chest compression

According to the most recently published guidelines of the
Emergency Cardiac Care Committee of the American Heart
Association,4 external chest compressions are applied by
the rescuer who places the heel of one hand over the
victim’s sternum. The second hand is placed on top of the
first in such a way that the fingers do not touch the chest.
The fingers may be interlocked if desired. Force is applied
straight down with the elbows locked and the shoulders
in line with the hands. The goal is to displace the sternum

1 1/2 to 2 inches for an average sized adult victim. The
compressions are repeated at a rate of 100 times/minute
regardless of whether there are one or two rescuers.
Compression is maintained for 50% of each cycle to maxi-
mize arterial pressures, but is released completely between
cycles without removing the hands from the chest. The
Emergency Cardiac Care Committee guidelines provide
specific recommendations for the integration of com-
pressions with artificial respiration. Without endotracheal
intubation, it is recommended that there be cycles of 30
compressions followed by two ventilations. With endotra-
cheal intubation, it is recommended that compressions not
be interrupted for ventilation. Additional guidelines specify
the optimal method for two rescuers to switch roles during
a resuscitation and also for the introduction of a second
rescuer to ongoing one-rescuer CPR. Readers are referred to
the latest published manuals on basic and advanced life
support for full details and the most up-to-date recom-
mendations regarding the performance of CPR. Although
training programs in CPR are widespread, little is known
about how often chest compressions are performed cor-
rectly in actual resuscitations or how this affects survival.

Origin

In the article by Kouwenhoven et al.,1 two earlier investiga-
tors were cited who described external chest compression
in a limited fashion. Boehm in 1878 described a study in
which he applied pressure to the thorax of cats by wrap-
ping his hands around the chest (analogous to the current
recommendations for infant external chest compression).5

In 1934, Tournade et al. described the hemodynamic
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results of a sudden compression of the chest in a dog.6 The
extent to which Kouwenhoven was influenced by these
studies is unclear. In a review of the history of cardiopul-
monary resuscitation research, Criley et al. described
Kouwenhoven’s discovery of closed-chest massage as “the
serendipitous by-product of defibrillation studies in
animals.”7 Regardless of these earlier studies, 1960 was the
dawn of modern CPR and specifically of the standard tech-
nique of external chest compression as it is currently used.

In the many years since the article by Kouwenhoven and
colleagues, the details of how external chest compressions
are integrated into the technique we know as CPR have
changed somewhat in response both to anecdotal obser-
vations and to sound research in the field. In general,
changes have become accepted into standard practice by
their adoption by an organization, and incorporated into
that organization’s teaching standards for CPR.

The first widely disseminated guidelines for the perfor-
mance of CPR, including external chest compression, were
published in 1966,8 a mere 6 years after the original
description of CPR in the literature. These guidelines were
written by an ad hoc committee of the National Academy
of Sciences – National Research Council. Widespread inter-
est in CPR prompted rapid, national attention. The salient
points for chest compression in these first guidelines were
(a) compression to a depth of 1 1/2 to 2 inches over the
lower half of the sternum; (b) avoidance of compression
over the xiphoid process; (c) a firm support behind the
patient; and finally (d) equal duration of compression and
relaxation phases. Although these guidelines were not
specifically referenced, many stem from the original article
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Fig. 30.1. (a) Illustration from the original article by

Kouwenhoven et al. describing the technique of external chest

compression. (b) Illustration from the latest published guidelines

for the performance of chest compressions. Note the similarity

between the illustrations even though they were published over

30 years apart. (a) From ref. 1 (b) From ref. 4.



of Kouwenhoven et al. and seem to be based mostly on
empiric observations.1

The guidelines that were published in 1974 introduced
the American Heart Association (AHA) as a cosponsor,9 by
which time the AHA and the American Red Cross had
already become leaders in education in the technique of
CPR. The guidelines for external chest compression
changed only minimally in this publication, with new
emphasis placed on moving the victim to a horizontal posi-
tion before initiating compressions and a more refined
technique for identifying the correct position of the hands
while avoiding compression of the xiphoid. These guide-
lines were the first to instruct the rescuer not to remove his
hands from the chest wall during relaxation, a variance
from the original technique introduced by Kouwenhoven
et al. Once again, this suggestion was not specifically refer-
enced and its origin is uncertain. In 1979 a conference to
update these guidelines was convened, and the results
were published in 1980;10 external chest compression was
codified into 11 steps, but few changes were added to the
existing recommendations. These guidelines were the first
to mention the importance of keeping the fingers off the
chest while performing compressions but again do not cite
a reference for this recommendation. All of the published
guidelines up to this point had maintained a recom-
mended compression rate of 60 per minute for two-person
CPR and 80 per minute for one-person CPR (the latter
yielding 60 actual compressions because of the mandatory
pause for ventilation). In 1986, the guidelines were again
revised, but the only change made was an increase in the
recommended rate of compressions to 80 to 100 per
minute for both one- and two-rescuer CPR.11 This change
was made based on the basis of strong recommendations
from several researchers in the field. Despite a disagree-
ment on the exact mechanism of blood flow during CPR
(Chapter 17), most researchers agreed that a faster com-
pression rate would improve blood flow. Those who
favored direct cardiac compression as the dominant mech-
anism of blood flow believed that more compressions per
minute would yield more blood flow. Likewise, those who
favored changes in intrathoracic pressure as the dominant
mechanism sought to assure that compression and relax-
ation were equal in duration. This was much more easily
accomplished by rescuers at a rate of 80 to 100 per minute
than at 60 per minute. The most recent guidelines for
the performance of CPR, joint publication by the Ameri-
can Heart Association and the International Liaison
Committee on Resuscitation (ILCOR), were published in
2005.4 Those latter guidelines had a number of changes:
(1) The rate of compressions should be 100/min, (2) During
the decompression phase of the chest compression cycle,

there should be complete recoil of the chest with no resid-
ual force being applied by the rescuer, (3) There should be
as few interruptions as possible, and (4) The hands should
be placed over the mid sternum, rather than trying to
measure the placement with respect to the xiphoid.4

Physiology

Developments in the field of closed-chest defibrillation
served as a driving force in the rapid acceptance of external
chest compression as a beneficial technique. Kouwenhoven
and others recognized that closed-chest defibrillation pro-
vided an opportunity to reverse a process that was previ-
ously irreversible. Further, it was recognized in early studies
of defibrillation that it was only successful if applied during
the first few minutes after the onset of ventricular fibrilla-
tion, which was assumed to be due to the effects of lack of
blood flow to the heart itself during fibrillation. Thus, the
primary physiologic goal of external chest compression was
to maintain the heart in a state where external defibrillation
would be effective for as long as possible.

In their original paper, Kouwenhoven et al. stated that
chest compression “compresses the heart between [the
sternum] and the spine, forcing out blood.”1 From the data
presented in that paper, it is clear that this statement was
fundamentally an assumption on the part of the investiga-
tors, based on the anatomical relationships of the heart
and bony thoracic structures. Despite this lack of rigorous
scientific data, and a certain amount of skepticism, the
concept of direct cardiac compression as the sole explana-
tion for the movement of blood during standard external
chest compression was widely taught for nearly two-and-
a-half decades. In the last 20 years, this assumption has
come under rigorous investigation. It is now apparent that
the exact mechanism by which blood moves in response to
externally applied force is complicated, and probably
involves a combination of mechanisms. A detailed discus-
sion of the controversies surrounding the mechanisms of
blood flow in CPR is presented in Chapter 17.

Discussions of the efficacy of various techniques of CPR
usually focus on either hemodynamic considerations
(blood flow, perfusion pressures, and others), on initial sur-
vival (also known as return of spontaneous circulation),
or on long-term survival (survival to hospital discharge
and beyond). In order to provide a basis of comparison for
alternative techniques of external chest compression, we
will briefly review the results of the standard technique in
these terms. Much of the available data regarding the
hemodynamics and outcome of standard CPR come from
the control groups of studies of various alternate tech-
niques, raising concern that some bias against the standard
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technique may be present. Some investigators have
attempted to minimize bias by measuring and controlling
the amount of compression force or displacement.

Although small amounts of data are available for a wide
variety of species, the dog model of cardiac arrest is most
widely used in CPR research. Table 30.1 lists the results
obtained by several investigators during standard external
chest compression in dogs. The wide variation in the data
highlights the difficulty in comparing CPR studies; “con-
ventional” or “standard” external chest compression is
described in a similar fashion in all the publications. It
has been shown that critical determinants of blood flow
during chest compression include the sternal compression
force (or depth of compression; Chapter 17)12,13, the dura-
tion of compression (percent of the compression cycle
during which compression occurs),12 and the use of vaso-
pressors.14 Not all authors, however, control for or even
measure these variables. In addition, even the methods
used for determining perfusion pressures and flows differ
greatly. While such ambiguities make direct comparisons
difficult, some general conclusions can be drawn from the
data. The very highest coronary perfusion pressure in these
studies resulted in only 30% of control myocardial blood
flow. Most of the results were, or would be expected to be,
considerably worse than this (based on lower perfusion
pressures). Cerebral blood flow is likewise poor, attaining
less than 60% of control level in all dog studies of standard
external chest compression reviewed. The wide variation
among peak or systolic aortic pressures in these studies
likely reflects variations in the force applied during com-
pression as well as the effects of using epinephrine. This
suggests that an improvement in perfusion pressures and
flow could be attained by applying higher force in standard
external chest compression. In both animals and man,

trauma becomes the limiting factor in applying excessive
force to the sternum. Fig. 30.2 shows several pressure trac-
ings of standard external chest compression in dogs. The
differences in these tracings further illustrate the difficulty
in comparing studies and the need for rigorous standard-
ization of external chest compression in laboratory models
of CPR.

Survival studies in animal models of CPR have been per-
formed, but are of somewhat limited utility. True long-term
survival is not an available endpoint in an instrumented
animal model. At best, 24-hour survival has been meas-
ured with an attempt to look at some type of neurologic
outcome. Available 24-hour survival studies with standard
external chest compression demonstrate that between 14
and 50% of animals survive.15–18 Again, differences in the
experimental protocols as well as subtle differences in the
application of “standard” CPR likely account for this vari-
ability. In any case, 24-hour survival in animal models of
cardiac arrest receiving standard external chest compres-
sion is probably better than can be expected in large popu-
lations of human cardiac arrest patients, simply because of
the inherent absence of underlying pathology in the study
animals, and less time between the onset of arrest and the
start of CPR. Animal survival data are perhaps most useful
in estimating the best possible human outcome from a
CPR technique. These studies are done by highly motivated
and trained investigators in well-equipped laboratories,
and it is unlikely that most human resuscitation efforts will
have such advantages.

All of the difficulties that exist in comparing one animal
study to another are magnified in studies of human CPR.
When considering hemodynamic outcomes and survival
data, it is critical to take into account that the exact method
of applied force is only one of many variables that may
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Table 30.1. Hemodynamic results of standard external chest compression in dogs

Peak or Myocardial Myocardial Cerebral 

Number of  dogs systolic aortic perfusion blood flow  blood flow Sternal 

Author studied pressure (mm Hg) pressure (mm Hg) (% control) (% control) force (N)

Chandra et al. 6 22�3 5a NAb 4 NA

Voorhees et al. 9 65 19a 15 12 NA

Walker et al. 8 NA NA NA 11 NA

Michael et al. 6 NA 14�6 9 44 667 N

Halperin et al. 7 45�8 5�2 4a 31a 300 N

Kern et al. 10 66�6 22�3 NA NA NA

Halperin et al. 8 95�6 26�4 30 59 400 N

Cohen et al. 8 44�11 8�6 NA NA NA

a Information derived from data in publication.
b NA, not available.



influence the results. The population studied, other com-
ponents of the resuscitation protocol, the time between
arrest and intervention, and a host of other factors influ-
ence the final outcome.

Unlike comparable animal studies, direct measure-
ments of myocardial and cerebral blood flow are not avail-
able in human CPR. Surrogate measures of efficacy include
peak compression-phase (systolic) pressure, myocardial
and cerebral perfusion pressures, and direct and indirect
measures of cardiac output (Table 30.2; Fig. 30.3). Several
animal studies have shown that the myocardial perfusion
pressure (typically defined as the difference between aortic

release phase (diastolic) pressure and right atrial pressure)
is a predictor of return of spontaneous circulation.19–22

Paradis et al. were also able to demonstrate this in humans
undergoing CPR.23 In their study of 100 patients, only
patients who could achieve a maximum myocardial perfu-
sion pressure of greater than or equal to 15 mm Hg had
return of spontaneous circulation. This finding is consis-
tent with the results from animal studies and serves as a
useful benchmark for assessing alternative external com-
pression techniques.

The clinically important results from human CPR
studies are long-term survival and neurologic function.
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Fig. 30.2. Two examples of pressures recorded during manual external chest compressions in dogs, using standard CPR. Both

illustrations also show the myocardial perfusion pressure determined by subtracting the right atrial pressure from the aortic pressure.

(a) Reproduced with permission from ref. 15. Copyright 1986 American Heart Association. (b) Reproduced with permission from ref. 18.

(Copyright 1988 American Heart Association.)

Table 30.2. Hemodynamic results of standard external chest compression in humans

Number Peak or systolic arterial Myocardial perfusion Cerebral perfusion Sternal 

Author studied pressure (mm Hg) pressure (mm Hg) pressure (mm Hg) force (N)

MacKenzie et al. 3 120a 31a NAb NA

Martin et al. 20 74�20 8�9 NA NA

Swenson et al. 9 61�29 9�11 NA NA

Paradis et al. 22 48�16 7�9 9�10 NA

Chandra et al. 8 60�4 11�2 NA NA

Paradis et al. 100 NA 12a NA NA

Cohen et al. 10 53�14 NA NA NA

Halperin et al. 15 78�26 15�8 NA 400

a Information derived from data in publication.
b NA, not available.



Notably, despite the large number of variables that play a
role in the outcome of CPR, several studies have achieved
similar results. Schneider et al. have provided one of
the most comprehensive reviews on survival following
in-hospital standard CPR (including standard external
chest compression).2 Their review of 98 reports of clinical
outcomes in CPR includes nearly 20 000 patients. A meta-
analysis of these reports showed that overall survival-to-
hospital discharge in this group of patients was 15%.
An additional 3765 patients reported from a British reg-
istry had a survival-to-hospital discharge of approxi-
mately 20% with a 1-year survival of 15%.3 Among
the noteworthy findings of the analysis by Schneider et al.
was the absence of any significant trend in survival-to-
hospital discharge across the years from 1960 to 1990.
This disputes individual, smaller reports that concluded
that there was a generalized decrease in success rates
of resuscitation over time,24–27 possibly attributable to a
change in the composition of in-hospital populations
over time. Several reports, including the metaanalysis
conducted by Schneider et al., have concluded that the
success rate of in-hospital resuscitation declines in an

elderly population.25,26,28 Data for out-of-hospital cardiac
arrests suggest that, for large, unselected populations, the
overall survival-to-hospital discharge is lower than for in-
hospital arrests. Several large studies report survival-to-
hospital discharge rates of 8 to 10% of all patients receiving
CPR in the pre-hospital setting.29–36 In a study performed
in King County, Washington, 2043 patients cared for by
paramedics in the prehospital setting were found to have
a survival-to-discharge rate of 18%.35

Complications

Trauma is the major complication from manual CPR. The
reported incidence of trauma, as the result of manual CPR,
ranges from 21% to more than 65%.37–45 The most frequent
thoracic injuries, occurring more than 20% of the time,
include chest abrasions or contusions, defibrillator burns,
sternal and rib fractures, gastric dilation, and pulmonary
edema. Even properly executed manual CPR can lead to
injury. A comprehensive list of the types of trauma associ-
ated with standard CPR is presented in Table 30.3.

Applicability

The single most striking feature of standard external chest
compression is its inherent ability to be applied in cardiac
arrest. Thousands of people are saved each year by stan-
dard CPR, but this represents only a small fraction of the
patients who suffer a cardiac arrest. Manual CPR has the
disadvantage that its effectiveness can be compromised
by misapplication of the technique resulting from such
factors as operator fatigue and operator error. Standard
CPR can be difficult to apply correctly, since in most
instances a gauge is not available to assure that the opera-
tor applies the recommended 1 1/2 to 2 inches of sternal
displacement. In addition, there are a significant number
of manual CPR-related injuries. Despite these limitations,
however, any CPR is probably better than no CPR.30,34,35

The detrimental effects of trauma are unclear, since
most research on the incidence of CPR-related trauma
has focused on non-survivors of CPR, who might have
died even if no trauma had occurred. Improvements in
outcome may be achieved by external CPR techniques that
improve blood flow; these external techniques could be
available to larger numbers of rescuers than are those
requiring invasive measures. Some alternative manual
techniques have been studied, and are discussed below.
Alternative techniques that use mechanical devices are
discussed in Chapter 31.

576 H.R. Halperin and B.K. Rayburn

200
Aortic
Right atrial160

120

80

40

0

60

40

20

0
1 sA

o
rt

ic
–r

ig
h

t-
at

ri
al

p
re

ss
u

re
 g

ra
d

ie
n

t 
(m

m
H

g
)

A
o

rt
ic

 a
n

d
 r

ig
h

t 
–a

tr
ia

l
p

re
ss

u
re

 (
m

m
H

g
)

Fig. 30.3. Hemodynamic tracing from a patient undergoing

standard external chest compressions. Note the relatively low

coronary perfusion pressure despite similar compression phase

pressures when compared with Fig. 30.2 in a dog model. (From

Halperin, H.R., Tsitlik, .J.E., Gelfand, M., et al. A preliminary study

of cardiopulmonary resuscitation by circumferential

compression of the chest with the use of a pneumatic vest. N Engl

J Med 1993; 329: 762–768. Reprinted by permission of The New

England Journal of Medicine. Copyright 1993 Massachusetts

Medical Society. All rights reserved.)



Interposed abdominal compression

Interposed abdominal compression (IAC)-CPR (or abdom-
inal counterpulsation CPR) includes an additional rescuer
(for a total of two or three) positioned alongside or opposite
the rescuer applying chest compressions. This additional
rescuer places his or her hands on the abdomen, usually
near the umbilicus, and compresses the abdomen during
the relaxation-phase of chest compression (Fig. 30.4). The
ratio of abdominal to chest compressions is one to one, so
the rate of abdominal compressions is also 100/min. Some
authors place a blood pressure cuff or another measuring
device between the hands and the abdominal wall in order
to measure the amount of force applied to the abdomen.
Exact guidelines as to how much to compress the abdomen,
or how much force to apply if measured, have not been pro-
posed. In studies of this technique, the forces measured
from air-filled measuring devices have ranged from 20 to
150 mm Hg. Most authors describe abdominal compression
as lasting through the entire release phase of chest com-
pression, resulting in a 50% compression duration for each.

Ohomoto et al. first published a description of inter-
posed abdominal compression using a mechanical device
with two pistons (one for the chest, one for the abdomen)
in 197646. Since that time, there has been ongoing and
extensive research into this method47–74.

Physiology

IAC-CPR may improve blood flow in CPR by a number of
mechanisms. First and foremost, IAC-CPR may act in a
fashion analogous with intraaortic balloon pumping,
where abdominal and aortic compressions would result in
greater retrograde aortic flow into the chest and greater
aortic pressure between chest compressions, with greater
coronary flow and survival. Second, abdominal pressure by
itself increases intrathoracic pressure, even without chest
compression. Interposed abdominal compression could
therefore either (a) optimize the duration of the rise in
intrathoracic pressure since durations of compression
longer than those usually present during manual CPR
are known to improve flow, or (b) increase the rise of
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Table 30.3. Complications reported for standard cardiopulmonary resuscitation

Thorax (42%) Heart and great vessels (11%) Skin (66%)

Rib fracture (31–52%) Pericardial sac blood (8%) Chest abrasion/contusion (59%)

Sternal fracture (21–22%) Epicardial hematoma (3%) Defibrillator burns (31%)

Anterior mediastinal  hemorrhage (18%) Myocardial contusion (1%) Miscellaneous

Pneumothorax (3%) Vena cava injury (1%) Air embolus to coronary (1%)

Hemothorax (1%) Myocardial laceration (0.1%) Air – other locations (1%)

Flail chest (0.5%) Upper airway (20%) Retroperitoneal hemorrhage (0.1%)

C-spine fracture (0.1%)a Oropharynx vomitus (10%) Bladder wall hemorrhage (0.1%)

Lacerations of the diaphragm Tracheal vomitus (9%) Bone marrow embolus

Abdomen (31%) Endotracheal tube misplacement (4%) Vertebral fractures

Gastric dilation (29%) Tongue laceration Ruptured tympanic membrane

Liver rupture (2%) Oropharynx injury (2%)

Other liver injury (1%) Larynx injury (2%)

Spleen rupture (0.3%) Dental injury (1%)

Gastric rupture (0.1%) Tracheal injury (1%)

Omentum hemorrhage (0.1%) Hemorrhage of vocal cords (0.5%)

Abdominal distension Misplaced nasogastric tube (0.5%)

Ischemic bowel Fractured thyroid cartilage (0.1%)

Lung (13%) Contusion – epiglottis/esophagus (0.1%)

Pulmonary edema (44–46%) Hypopharyngeal hematoma (0.1%)

Aspiration (11%) Hemorrhage of cricoid (0.1%)

Interstitial emphysema (1%) Lip injury (8%)

Contusion/puncture (1%) Dislocated mandible

Infiltrates (0.6%) Dislocated C-spine/neck strain

Atelectasis (0.6%) Esophageal rupture

Pulmonary embolus

Pulmonary hemorrhage

a C-spine, cervical spine.



intrathoracic pressure as a result of moving the diaphragm
and abdominal contents upward. In addition, during the
diastolic phase (i.e., relaxation of chest compression), com-
pression of the abdomen “charges” the intrathoracic com-
pliance in preparation for the next chest-compression
cycle. This coincides with work in our laboratory that
shows, in a model of the canine circulation, that an
intrathoracic pump would be optimized by minimizing the
compliance of the vessels inside the thorax and maximizing
the compliance of vessels in the abdomen during compres-
sion. During the relaxation phase, this extrathoracic com-
pliance would then discharge into the intrathoracic vessels,
thus maintaining myocardial blood flow during diastole. Of
potential concern is that compression of the abdomen
during the relaxation phase of chest compression can raise
the pressure inside the thorax, since the abdominal and
thoracic compartments are contiguous. This rise in
intrathoracic pressure could raise right atrial and aortic
pressures to an equal extent, which could actually decrease
coronary perfusion pressure14. A pressure waveform during
IAC-CPR is shown in Fig. 30.5.

Ralston et al. compared standard CPR with mechanical
(Piston) external chest compression, with and without the
addition of IAC.75 They showed that with no other changes
in the technique, the addition of IAC increased cardiac
output, and systolic and diastolic arterial pressures in 10
dogs. Eight of 10 dogs had an increase in the arteriovenous
difference (myocardial perfusion pressure). Walker et al.76,
Voorhees et al.,77 and Einagle et al.70 all demonstrated an
increase in either brain or carotid blood flow with IAC-CPR.
Despite the similarity of conclusions among these studies,
however, these data are somewhat difficult to interpret.

Studies by Walker and Voorhees and colleagues do show a
statistically significant increase in brain blood flow versus
standard CPR, but in the study by Voorhees et al. this differ-
ence is physiologically trivial (0.03 ml/min/g). Alternatively,
the study by Walker et al. showed a substantial increase in
brain blood flow (0.21 ml/min/g), but had extremely low
brain blood flow in the standard CPR group, raising concern
about the quality of the standard CPR. Of note, no study
looking at myocardial blood flow showed a statistically sig-
nificant difference between standard CPR and IAC-CPR.
Kern et al. studied 24-hour survival in a dog model of
cardiac arrest comparing standard external chest compres-
sion, IAC-CPR, and high-impulse CPR and found no differ-
ence among the groups.

Several trials have looked at human hemodynamics or
survival with IAC-CPR. Studies by Berryman and Phillips69

and Howard et al.78 at the end of conventional resuscitation
showed an increase in mean arterial pressure with the addi-
tion of IAC-CPR. Despite these increases, Howard et al. did
not find a significant difference in the myocardial perfusion
pressure. Berryman and Phillips reported this information
in only a single patient in whom it was increased.
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Fig. 30.4. IAC-CPR with three rescuers. This technique could also

be performed by two rescuers with one rescuer performing both

chest compressions and artificial ventilation. The arrows depict

how one rescuer pushes while the other relaxes and vice versa.

(From ref. 65. Copyright 1992, American Medical Association.)

Fig. 30.5. Hemodynamic tracings in a dog undergoing CPR.

Beginning about halfway across the recording, mechanical CPR

was augmented with IAC-CPR. Abdominal aorta (AA), thoracic

aorta (TA), intra-abdominal (ABD) and right atrial (RA) pressures,

and common carotid blood flow (CCBF) are shown. Note that the

majority of intravascular pressure as well as carotid flow seems to

occur coincident with abdominal compression rather than with

thoracic compression in this model. (From ref. 70.)



McDonald79 reported on six patients, also late in resuscita-
tion, in whom there was no difference in any measured
variable with the addition of IAC. Mateer et al.68 described
a large field trial of IAC-CPR conducted by paramedics in
Milwaukee: no difference in initial resuscitation was found
after randomizing medical arrest patients to either stan-
dard external chest compression or IAC-CPR after intuba-
tion. In an in-hospital trial of IAC-CPR, Sack et al.65 reported
the results of 135 resuscitation attempts in 103 patients who
had been randomized on admission to the hospital to
receive either IAC-CPR or standard CPR should they arrest.
In this study, they reported an increase in initial resuscita-
tion (51% vs. 27%), discharge from the hospital (25% vs.
7%), and discharge neurologically intact (17% vs. 6%) with
IAC-CPR. Conducting this type of randomized trial in a hos-
pital setting is in itself a considerable accomplishment.
Obviously a CPR trial cannot be a blind study, and this is
one of the self-criticisms mentioned by the investigators. In
addition, no attempt was made to control for the force of
sternal compression used in either group, which may
account in part for the rather marked difference seen in this
study. Of greater concern is the relatively low survival rate
of the standard CPR group. Only 7% of these patients sur-
vived to hospital discharge, which is roughly half the sur-
vival-to-discharge rate typically reported by large studies of
CPR in hospitalized patients. Again, this may reflect a subtle
difference in the standard CPR technique utilized during
the study, or may reflect some bias in the group of patients
included in the study. In a follow-up study of 143 hospital-
ized patients with either pulseless electrical activity or
asystole, the same group demonstrated improved initial
resuscitation and 24-hour survival with IAC-CPR compared
with standard CPR.64 Survival-to-hospital discharge was
not an endpoint in this study, although the investigators
noted that no patients survived to discharge neurologically
intact. These results from a technique that is easy to apply
should encourage ongoing investigation.

Although the incidence of abdominal trauma could be
increased with IAC-CPR, specific data are limited. Kern et
al. in one trial compared three methods of manually
applied CPR, including IAC-CPR, and noted no difference
in the incidence of trauma with the addition of abdominal
counterpulsations.63 In their most recent study, Sack et al.
noted no clinically obvious difference in abdominal trauma
between the groups, and none of the five IAC-CPR patients
who underwent autopsy had any abdominal trauma.64

Applicability

IAC-CPR requires at least two rescuers. Beyond this require-
ment, it is a manually applied technique that requires no

specialized equipment. The ability of rescuers in general to
perform the technique correctly has not been determined.
Hemodynamic data in humans are less convincing than
those in animals, although this may reflect a limited ability
to look at brain blood flow in humans. If IAC-CPR does
improve brain perfusion as suggested by animal models,
then it may well have clinical utility. Provided that it does
not adversely affect the myocardial perfusion and there-
fore the chances of establishing return of spontaneous cir-
culation, additional brain blood flow may improve the
neurologic outcome of those patients who do survive
resuscitation. The study reported by Sack et al., despite its
limitations, may address these facts.65 They showed a sur-
vival-to-hospital discharge of 25%, which is higher than
historical controls, suggesting a benefit over standard CPR.
Larger trials of IAC-CPR will be needed, however, before its
true clinical utility can be determined.

High-impulse external chest compression

High-impulse external chest compression is performed
by placing the hands in a position identical with that of
standard external chest compression. The compression
itself, however, is done at a higher rate (typically 120 to
150/minute) and with a very quick, jabbing onset and
offset. Ventilation is provided as with standard CPR, at a
rate of 12/minute.

Investigators at Duke University first proposed high-
impulse chest compression as a replacement for standard
external chest compressions in 1984.80 Despite one refer-
ence cited for rapid compressions from the 1890s, these
authors were clearly the major force that brought this tech-
nique into the modern era of CPR research. High-impulse
CPR became one of the focal points of the debate between
the two schools of thought (direct cardiac compression vs.
intrathoracic pressure fluctuations) on the mechanism of
blood flow in CPR.12,18,80–87 Those investigations led to a sig-
nificantly improved understanding of the physiology of
blood movement during chest compression.

Physiology

In studies of the physiology of blood flow during external
chest compression in dogs, Maier et al. noted that increas-
ing the rate of compressions resulted in increased cardiac
output and increased coronary flow compared with slower
rates.80 They showed that stroke volume stayed constant,
while cardiac output rose. Coronary blood flow tended
to be higher, although not significantly, at a compression
rate of 150/minute vs. 60/minute.80 These data were
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interpreted as showing that direct cardiac compression
was the predominant mechanism of blood flow since
stroke volume was constant for each compression, and
cardiac output rose at higher rates as more stroke volumes
were delivered per unit time. The investigators attempted
to control compression force by measuring intrapleural
pressure with micromanometers in the intrapleural space.
This was one of the two major criticisms of the work since
measurements of intrapleural pressure are difficult and
often inaccurate. Nevertheless, they did achieve the same
reading in a given animal for each compression rate.

The second major criticism is illustrated in Fig. 30.6: a
variable not controlled by the investigators in these initial
studies was the compression duration, or the percent of
the compression–decompression cycle during which com-
pression occurs. At low compression rates, the duration of
compression appeared to be approximately 20% of the
cycle; at high rates, it was much closer to 50%, the currently
recommended standard. This provided a potential mech-
anism for the increase in cardiac output, even if an
intrathoracic pump mechanism was operative since com-
pression duration does affect blood flow in the intrathor-
acic pump model. Subsequent animal studies examined
survival differences between high-impulse external chest
compression and standard CPR. Kern et al. found no dif-

ference in 24-hour survival between a group receiving
standard external chest compression and a group receiving
high-impulse CPR.63 A later study by Feneley et al. did show
improved survival in a group of animals receiving high-
impulse CPR compared with standard manual CPR.18 In
this latter study, the authors attempted to control for duty
cycle between the two groups. Compression force was not
quantitatively reported, however, and pressures generated
in the control group were substantially lower than in other
studies of standard external compression done by the
same research group.80

A number of case-report type studies of high-impulse
CPR have been published.80,88 Minimal quantitative analy-
sis of these data are available, however, and no controlled
trials of standard vs. high-impulse CPR in humans have
been reported.

Applicability

High-impulse CPR requires little more than an alteration in
training from that in standard external chest compression.
None of the data reported for high-impulse CPR, however,
provide convincing evidence that this technique would
provide substantial benefit over standard CPR in the
general population. There may be subsets of patients in
whom the jabbing chest compressions of high-impulse CPR
are beneficial. These chest compressions may alter airway
mechanics in these patients to produce higher intrathor-
acic pressure, or alternatively, may enhance cardiac com-
pression. If these groups can be identified, it is conceivable
that high-impulse CPR could provide a hemodynamic
benefit over standard external chest compression.

Future directions

Research aimed at improving survival from cardiac arrest
both in- and out-of-hospital continues. The first 30 years of
external chest compression have been marked by enthusi-
asm, disappointment, innovation, and speculation, but to
date no technique has convincingly positioned itself to
replace standard CPR as we now know it. Research has con-
tributed a great deal to the science of CPR and set the stage
for real advancement in the resuscitation of cardiac arrest
victims. The critical importance of early defibrillation is
now clearly recognized. Likewise, the criteria used to judge
a new CPR method have been defined. These measures –
coronary perfusion pressure (important in predicting
return of spontaneous circulation), systolic arterial
pressure (predictive of cerebral blood flow and likely of
neurologic recovery), and ultimately survival-to-hospital
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Fig. 30.6. Hemodynamic tracings from a patient undergoing

CPR. The top tracing shows CPR at a rate of 60/min, the middle at

100/min, and the bottom at 150/min or high-impulse CPR. Note

on each tracing the amount of time spent during the

compression and relaxation phases. Only the third tracing

appears consistent with the recommended 50% compression

duration. (Reproduced with permission from ref. 80. Copyright

1984 American Heart Association.)



discharge – will drive the search for the best method or
methods of applying force to the human body over the next
several years. The future may lie not so much in a replace-
ment of current CPR as in evolution to differing types of
CPR under different circumstances. Resuscitation initiated
by lay persons will by necessity remain a manual tech-
nique, but some other form of CPR may be used once qual-
ified rescuers are on the scene. The use of gauges to assure
that manual CPR is performed correctly, and a reduction in
interruptions in chest compression, may improve the effi-
cacy of manual CPR dramatically. Currently the distinction
between basic and advanced life support involves the
availability of drugs, mechanical airways, and defibrilla-
tion. It is very possible that the form of CPR utilized may
also become part of this distinction.

Finally, with several of the techniques discussed in this
chapter providing some promise for improved survival
from cardiac arrest, we are entering an era where small
trials will be unlikely to add significantly to our knowledge.
For a new technique of external chest compression to be
widely accepted, it will need to be tested in a sufficiently
large population to produce statistically significant as well
as clinically significant data, much as thrombolytic therapy
and angiotensin-converting enzyme inhibitors have been
tested in mega-trials. These trials, both in-hospital and in
the field, should provide the information needed for a tech-
nique to be judged for its long-term benefits. Smaller trials
can be useful, as still other alternate techniques are devel-
oped. In small human survival trials, it is critical for authors
to know and report the baseline survival data from their
institution by using standard CPR in a nearly identical
population before the onset of the study. Control groups are
always subject to bias in studies that are not performed
blind. Knowing the existing survival data from standard
CPR at the same institution before the study begins will
allow the investigators to judge whether a bias was intro-
duced into their control group during the study.
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The rhythmic application of force to the body of the patient
is fundamental to the process of generating blood flow in
CPR, but there is little agreement as to the optimal tech-
nique for applying that force. There is a great need for
improved external chest compression techniques since
only an average of 5%–15% of patients treated with stand-
ard CPR survive cardiac arrest,1,2 and it is widely agreed
that increasing the blood flow generated by chest com-
pression will improve survival. Given the potential import-
ance of newer devices and techniques that may augment
blood flow, this chapter will explore several alternate
devices and techniques that have been studied.

Piston chest compression

According to the most recently published guidelines of the
Emergency Cardiac Care Committee of the American Heart
Association,3 external chest compressions are applied by
the rescuer who places the hands over the victim’s sternum.
Force is applied straight down with the rescuer’s elbows
locked and the shoulders in line with the hands. The goal is
to displace the sternum 1 1/2 to 2 inches for an average-
sized adult victim, 100 times per minute, with compression
maintained for 50% of each cycle. Unfortunately, compres-
sions are often done incorrectly,4,5 and incorrect chest com-
pression can compromise survival.6,7 One way of improving
the quality of chest compression is with automatic
mechanical devices, which can potentially apply compres-
sion more consistently than by manual compression.
Another way of potentially improving the quality of chest
compression is to use gauges that provide feedback to the
rescuer on the depth and rate of compressions, allowing the

rescuer to adjust the application of force to produce com-
pressions that have the correct depth and rate.

One type of automatic mechanical device uses a pneu-
matic piston (Fig. 31.1) to administer external chest com-
pressions at a specified rate, compression depth, and duty
cycle (percent of time compression is held during each
cycle). The piston is located at the end of an arm that
extends over the patient’s chest, and is based on a board
which provides a firm surface under the patient’s back. In
addition, a ventilation circuit is integrated into the device,
which allows for continuous CPR with minimal operator
input once the device is set up. Although there are some
differences between mechanical and manual external
chest compression in the time course of application of
force, which may affect hemodynamics,8,9 one small study
showed no difference in survival with use of the two tech-
niques.9 Two additional small studies suggested a slight
hemodynamic benefit to CPR performed by the pneumatic
piston, one using end-tidal CO2 as a surrogate measure for
cardiac output,10 and the other showing a slight improve-
ment in mean arterial pressure (25 versus 31 mm Hg),
although no statistical analysis was provided.9 An updated
version of the piston compression device moves the piston
with higher velocity, and in an animal model produces
increased vascular pressures compared to the earlier
version.11 Despite these slight differences in hemodynam-
ics, chest compression performed by a pneumatic device
probably has the same physiology as manual chest com-
pression and is generally considered an extension of the
standard technique.

Trauma is the major complication from piston CPR. The
reported incidence of trauma, as the result of piston CPR,
can be as high as 65%.12,13 The most frequent thoracic
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injuries, occurring more than 20% of the time, include
chest abrasions or contusions, defibrillator burns, sternal
and rib fractures, gastric dilation, and pulmonary edema.
Even properly executed CPR can lead to injury.

Despite the substantial amount of trauma, however, the
detrimental effects of trauma are unclear, because most
research on the incidence of CPR-related trauma has
focused on non-survivors of CPR, who might have died
even if no trauma had occurred. Improvements in outcome
may be achieved by external CPR techniques that enhance
blood flow; but such improvement has not been convinc-
ingly demonstrated for piston-type devices. These devices
do, however, allow CPR to be performed in situations where
standard manual CPR would be difficult, such as in moving
ambulances, and where personnel are limited.

Simultaneous compression and ventilation

Simultaneous compression and ventilation (SCV), as orig-
inally described, requires the subject to be endotracheally
intubated or to have a tracheostomy.14–16 Compressions
are administered as with standard external chest com-
pression, but at a slower rate (typically 40 compressions/
minute). Instead of interposed ventilation between
appropriate compressions, ventilation to a high airway
pressure (typically 60 to 100 mm Hg) is performed syn-
chronously with each compression. Some authors have
modified this technique slightly, compressing at faster
rates or adding an abdominal binder.14,16,17 Most studies of
this technique in both animal models and humans were

performed using a mechanical compression device with
an integrated system to deliver ventilation to the endotra-
cheal tube.

In 1967 Wilder et al. reported an increase in blood flow in
dogs by using simultaneous ventilation and external chest
compression at low airway pressures.18 This phenomenon
was left unexplained and largely unexplored, however,
until the late 1970s when it was studied by a group of inves-
tigators at Johns Hopkins,14,15 and subsequently by other
groups.17,19–21

Physiology

Simultaneous compression–ventilation CPR (SCV-CPR)
was a direct by-product of the theory that intrathoracic
pressure fluctuations are responsible for blood movement
during CPR. The assumption was that if blood flow is due
to fluctuations in intrathoracic pressure, then anything
that makes those fluctuations larger should increase blood
flow. Many authors went a step beyond this and added
abdominal binding to the technique, assuming that
binding the abdomen would restrict the motion of the
diaphragm, and thus result in higher intrathoracic pres-
sure for a given applied force.14,16,22,23

Animal studies of the hemodynamics of SCV-CPR
resulted in a number of observations that were unantici-
pated by the investigators, but ultimately led to an
increased understanding of the determinants of blood flow
during chest compression. For example, when electromag-
netic flow probes around the carotid artery were used as an
estimate of cerebral blood flow in animals,16 administra-
tion of epinephrine resulted in a paradoxical decrease in
carotid flow, despite an increase in cerebral perfusion pres-
sure. This observation led investigators to seek alternative
techniques for measuring cerebral blood flow and resulted
in the routine use of radioactive microspheres during
animal studies of CPR. Such studies showed that carotid
flow measurements in dogs estimate blood flow to the
facial muscles and tongue, and not to the brain.14 Brain
flow was actually augmented by epinephrine, as was
myocardial blood flow.24 Another observation that resulted
from animal studies of SCV-CPR was that excessively high
airway pressures (100 mm Hg) could cause carotid col-
lapse, which can reduce blood flow,24 and that negative
airway pressure in-between compressions can augment
blood flow.16 Although not recognized at the time, this
latter mechanism may be operative in other forms of CPR
that induce negative intrathoracic pressure in-between
compressions.

Another somewhat surprising observation was that
abdominal binding can actually reduce coronary perfusion
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pressure.23,25 The mechanism of this phenomenon remains
incompletely understood, but it is probably the result of an
alteration of the distribution of vascular compliance (see
Chapter 17). During the compression phase of CPR, blood
moves out of the thorax into a relatively compliant set of
vessels, mostly in the abdomen. This blood is then readily
available for redistribution to the thoracic vasculature to
provide for coronary blood flow during the release phase.
Abdominal binding seems to reduce this extrathoracic
arterial compliance, thus reducing the amount of blood
available for coronary perfusion.

In human studies of SCV-CPR, Chandra et al. reported an
increase in radial artery pressure and carotid flow velocity
in a hemodynamic study of 11 patients at the end of failed
conventional resuscitation.15 Martin et al. examined
hemodynamics in five patients and found a decrease in
coronary perfusion pressure with SCV-CPR.21 These
patients were very late in resuscitation, which may have
adversely affected the outcome. A major clinical trial of
SCV-CPR was reported by Krischer et al., where 994
patients with out-of-hospital cardiac arrest were treated
with either SCV-CPR or standard CPR.26 The ambulance
crews, rather than the patients, were randomized, so that
the crews knew which form of CPR was going to be admin-
istered prior to arrival at the scene of the arrest. This block
randomization method was criticized for its potential for
adding bias. The survival (to hospital admission) was
greater with standard CPR than with SCV-CPR (26% vs.
19%). This study did utilize abdominal binding with the
SCV-CPR, which as noted could have had a deleterious
effect on coronary perfusion. Because of the lack of signifi-
cant resuscitation survival benefit in any study, there is
little active research on this technique.

Active compression–decompression (ACD) CPR

In this technique, CPR is applied by using a compression
device (either manual or mechanical) with an integral
suction cup (Fig. 31.2). The suction cup allows for active
decompression of the chest in-between compressions.
Investigators studying this technique have used standard
guidelines for the rate and duration of compressions. The
decompression phase actively returns the chest wall to its
expanded position without breaking contact. In human
studies, ventilation has been performed according to the
usual guidelines, but some animal studies have omitted
ventilation except that caused by the compression–
decompression itself.

ACD-CPR research began with a report of an elderly
man resuscitated by his uninitiated son with a bath-

room plunger.27 Lurie et al. at the University of California
at San Francisco then began active research into the tech-
nique in both humans and an animal model. A device to
perform ACD-CPR was developed by Ambu International
(Copenhagen, Denmark), and numerous investigations
have been performed with this technique.28–48

Physiology

ACD-CPR likely works in a fashion not dissimilar to inter-
posed abdominal CPR where the active decompressions
serve to prime the intrathoracic pump mechanism.49–52

The active decompressions could result in greater chest
expansion and filling with air between compressions, so
that the next compression results in a greater rise in
intrathoracic pressure and greater flow. A greater rise
in intrathoracic pressure could be mediated through
increased trapping of air in the lungs,53 or simply increased
application of force. Of note, chest compression force has
not been measured in control groups undergoing standard
manual CPR. Even if the peak compression forces used
during active-decompression CPR and standard CPR were
comparable, it would still not be known whether the
reported benefit for active-decompression CPR results
from the active decompressions, or from the increased
force change (peak compression-to-peak decompression
force) applied. For example, if 400 N compression force
and 100 N decompression force were applied to the chest,
is it equivalent simply to applying 500 N of compression
force, or does the decompression force have unique
physiologic effects that improve blood flow?
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The active decompressions could produce negative
intrathoracic pressure between compressions and greater
venous return, even without increasing the right atrial
pressure relative to aortic pressure, which would impede
coronary flow. Alternatively, there may be better right heart
flow into the pulmonary bed between compressions.
Additionally, the design of the device used for ACD-CPR
results in the potential for a mechanism in the application
of compression force that is slightly different from that in
conventional CPR. In standard external chest compres-
sion, the hands never lose contact with the thorax, and
therefore the onset of application of force is gradual. The
ACD-CPR device provides an air space of a few inches
between the location of the hands and the chest wall. This
allows some acceleration to take place before the force
of compression actually reaches the chest, resulting in a
slight impact on the chest wall. The significance of this with
regard to the physiology of ACD-CPR is unknown. Studies
reported to date have not resolved these issues. One
study in pigs showed, in the absence of vasoconstrictors,
increased coronary blood flow for active-decompression
CPR for a standardized amount of chest compression from
a mechanical chest compressor.54 Nevertheless, that same
study showed no difference in coronary flow when vaso-
constrictors were used.

A number of clinical trials have been reported with
ACD-CPR. In the first clinical study, it was reported that 18
of 29 (62%) patients treated with active-decompression
CPR had return of spontaneous circulation, compared
with 10 of 33 (30%) patients treated with standard CPR.
A number of larger clinical trials have been reported
since that time. Most of the trials have shown no differ-
ence in survival for patients treated with standard CPR or
ACD-CPR.38,55–58

In one trial of 512 patients in Paris, France,43 there was
an improvement in survival (ACD vs. standard CPR) at 1
hour (36.6% vs. 24.8%, P�0.003), 24 hours (26% vs. 13.6%,
P � 0.002), and at hospital discharge (5.5% vs. 1.9%,
P � 0.03). Mean time from collapse to basic cardiac life
support CPR was 9 minutes and from collapse to ACLS
CPR was 21 minutes. A more recent report of 750 patients
from that latter group showed that survival was also
improved at 1 year (5% vs. 2%, P�0.03).45 All patients who
survived to 1 year had cardiac arrests that were witnessed.

It is unclear why most trials showed no benefit for ACD-
CPR over standard CPR, and that there was a statistically
significant, albeit small, benefit in the Paris study. It has
been speculated that ACD-CPR may be of more benefit if
administered relatively late in the course of cardiac arrest,
as was done in Paris, and that the level of training and
retraining is important.

There is a possibility that the high velocity of impact of
the device at the start of chest compression could cause
additional trauma as compared to conventional chest
compressions.59,60 In addition, the increased chest excur-
sions produced by the active decompressions could cause
increased flexing of the ribs, and increased trauma.

Applicability

ACD-CPR shares the advantages of all manual techniques in
that it is readily applied in a wide variety of circumstances.
The device required to perform this technique could be
made widely available should it prove significantly benefi-
cial. The technique itself is not appreciably more difficult
than standard external chest compression, although it may
prove substantially more tiring, given that the rescuer is
required to be active during both phases (compression
and decompression) of each cycle.61 The disadvantages of
manual devices, however, are that an operator can perform
the compressions incorrectly and chest compression must
be interrupted for defibrillation. Finally, the combination of
the Impedance Threshold Device (see below) with the Active
Compression Decompression Device seems to improve its
hemodynamics and efficacy substantially.

Impedance threshold device

The impedance threshold device (valve), is placed in the
airway circuit to impede the flow of air into the chest
during chest decompression (Fig. 31.3). Its goal is to
increase the level of negative intrathoracic pressure gen-
erated during chest decompression, and thereby aug-
ment the beneficial effects of that negative intrathoracic
pressure.

The impedance threshold device (ITD) has been studied
with standard CPR in a porcine model of cardiac arrest. In
one study, coronary perfusion pressure (CPP) (diastolic
aortic minus right atrial pressure) was the primary end-
point. After 2 minutes of CPR, mean �/� SEM CPP was
14 �/� 2 mm Hg with a sham valve versus 20 �/� 2 mm Hg
in the ITD group (P�0.006).62 Significantly higher CPPs
were maintained throughout the study when the ITD was
used. In another study, microsphere-measured myocardial
blood flow was higher with the use of the impedance
threshold valve (0.32�/�0.04 vs. 0.23�/�0.03 ml/min per
g, P�0.05), as was cerebral blood flow (0.23�/�0.02 vs.
0.19�/�0.02; P�0.05).63 In a third study, the use of the ITD
was evaluated to determine the potential to improve 24-
hour survival and neurological function in a pig model
of cardiac arrest. That study used a randomized, prospect-
ive, and blinded design, where the effect of a sham versus
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active ITD was evaluated on 24-hour survival and neuro-
logical function. After 6 minutes of ventricular fibrillation,
followed by 6 minutes of standard CPR with either a sham
or an active valve, advanced life support was performed. A
total of 11 of 20 pigs (55%) in the sham vs. 17 of 20 (85%) in
the active valve group survived for 24 hours (P�0.05).
Neurological scores were significantly higher with the
active valve; the cerebral performance score (1�normal,
5 �brain death) was 2.2�/�0.2 with the sham ITD versus
1.4�/�0.2 with the active valve (P�0.05).64 Thus, with stan-
dard CPR in animal models, the ITD improved coronary
perfusion pressure, microsphere-determined myocardial
and cerebral blood flows, and 24-hour survival and neuro-
logic function.

Similar to the animal studies, clinical studies during
manual cardiopulmonary resuscitation have shown a
hemodynamic benefit for the impedance threshold device,65

as well as improved short-term survival for patients with
pulseless electrical activity with use of the ITD.66

The impedance threshold device has also been studied
in conjunction with active compression–decompression
cardiopulmonary resuscitation.64,67,68 In a prospective, ran-
domized, blinded trial performed in Paris, France, patients
in non-traumatic cardiac arrest received ACD-CPR plus the
valve or ACD-CPR alone for 30 minutes during advanced
cardiac life support.67 With the use of the impedance
threshold device (Fig. 31.4) there were increases in end tidal
carbon dioxide pressure (19.1�/�1.0 vs. 13.1�/�0.9 mm
Hg, P�0.001), diastolic blood pressure (56.4�/�1.7 vs.
36.5�/�1.5 mmHg, P�0.001), and coronary perfusion
pressure (43.3�/�1.6 vs. 25.0�/�1.4 mmHg, P�0.001). In
addition, return of spontaneous circulation was observed
in 2 of 10 patients with ACD-CPR alone after 26.5�/�0.7
minutes versus 4 of 11 patients with ACD-CPR plus the
impedance threshold device after 19.8�/�2.8 minutes
(P�0.05).

A prospective trial of ACD-CPR with the ITD vs. stand-
ard CPR was performed in Mainz, Germany. Patients with
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out-of-hospital arrest of presumed cardiac pathogenesis
were randomized to ACD�ITD CPR or standard-CPR. The
randomization was by rescuer crews, not individual
patients. With ACD�ITD CPR (n�103), return of sponta-
neous circulation and 1- and 24-hour survival rates were
55%, 51%, and 37% vs. 37%, 32%, and 22% with standard-
CPR (n�107) (P�0.016, 0.006, and 0.033, respectively).
One- and 24-hour survival rates in witnessed arrests were
55% and 41% with ACD�ITD CPR vs. 33% and 23% in
control subjects (P�0.011 and 0.019), respectively. One-
and 24-hour survival rates in patients with a witnessed
arrest in ventricular fibrillation were 68% and 58% after
ACD�ITD CPR vs. 27% and 23% after standard-CPR
(P�0.002 and P�0.009), respectively. Hospital discharge
rates were 18% after ACD�ITD CPR versus 13% in control
subjects (P�0.41). In witnessed arrests, overall neurologi-
cal function trended higher with ACD�ITD CPR vs. control
subjects (P�0.07).69

A subsequent, blinded, multicenter study was done
to determine whether an inspiratory impedance threshold
device, when used in combination with active com-
pression–decompression cardiopulmonary resuscitation,
would improve survival rates in patients with out-of-
hospital cardiac arrest. Patients were randomized to receive
either a sham (n�200) or an active impedance threshold
device (n�200) during advanced cardiac life support per-
formed with active compression–decompression car-
diopulmonary resuscitation. The primary endpoint of this
study was 24-hour survival. The 24-hour survival rates were
44/200 (22%) with the sham valve and 64/200 (32%) with
the active valve (P�0.02). The number of patients who had
return of spontaneous circulation (ROSC), intensive care
unit (ICU) admission, and hospital discharge rates was 77
(39%), 57 (29%), and 8 (4%) in the sham valve group vs. 96
(48%) (P�0.05), 79 (40%) (P�0.02), and 10 (5%) (P�0.6) in
the active valve group.70 Thus, whether the control group
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Fig. 31.4. Coronary perfusion pressures (left), and end tidal CO2(right) in patients during active compression–decompression CPR
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was standard CPR or ACD-CPR, the use of the ITD improved
short-term survival.

Thus, the results with the impedance threshold device
are very promising, particularly since the device can be
used with standard CPR as well as more advanced forms of
CPR. There appears to be a clear hemodynamic benefit and
short-term survival benefit with use of the device. Further
studies are needed to determine if the valve can be used
successfully in larger studies of cardiac arrest, and whether
the improved hemodynamics and short term survival will
translate into improved long-term survival.

Phased chest and abdominal compression

A mechanical device is being developed that allows for
active compression and decompression of the chest as well
as for active compression and decompression of the
abdomen. The device consists of two adhesive pads that
are connected to a mechanical linkage. The pads are
attached to the chest and abdomen, respectively. The
linkage has two handles that are held by the rescuer. The
rescuer pushes or pulls on the chest handle to compress or
decompress the chest, and alternately pushes or pulls on
the abdominal handle to compress or decompress the
abdomen.

Laboratory studies of phased chest and abdominal com-
pression has shown an increase in coronary perfusion
pressure, as well as an increase in the number of animals
resuscitated over that with standard cardiopulmonary
resuscitation.71 Kern et al. studied different types of venti-
lation, and showed that the type of ventilation could have
a serious impact on the hemodynamics produced by this
type of resuscitation.72

In a clinical study of phased chest and abdominal com-
pression CPR, 54 patients were studied.73 More patients
treated with standard CPR survived to hospital discharge
(7 vs. 0), but fewer patients treated with phased chest and
abdominal compression had significant trauma at autopsy.

Since there are only small studies of phased chest and
abdominal compression, further studies are needed to
determine if this device will be useful in the treatment of
cardiac arrest victims.

Vest cardiopulmonary resuscitation

With vest CPR, a bladder-containing vest (analogous to a
large blood pressure cuff) is placed circumferentially
around the patient’s chest (Fig. 31.5) and cyclically inflated
and deflated by an automated pneumatic system. In this

manner, the chest is compressed cyclically. The device
permits control of rate, compression duration, and infla-
tion pressure. The vest also maintains a small amount of
positive pressure on the chest between compressions to
keep the vest snugly against the chest, except during the
built-in pause for ventilation, at which time the vest com-
pletely deflates. The vest is generally inflated to a pressure
of approximately 250 mm Hg, 60 times/ minute, with 40%
to 50% of each cycle in compression. Adherent defibrilla-
tion pads are placed on the chest before applying the vest
to allow for defibrillation without having to remove the vest
or interrupt CPR.

As with SCV-CPR, vest CPR was developed as a means for
augmenting intrathoracic pressure over that which could
be produced by standard CPR. Vest CPR was largely devel-
oped by a group of investigators at Johns Hopkins
University,53,74–84 although other groups also made contri-
butions.23,85–93

Physiology

Vest CPR is designed to maximize the intrathoracic pres-
sure rises generated for a given force applied to the chest.
By encircling the chest (Fig. 31.5), force can be applied
evenly, thus resulting in a large decrement in the volume of
the chest with minimal displacement of an individual
point on the chest wall. This circumferential compression
allows for large increases in intrathoracic pressure without
the trauma inherent in applying force to a single point, as
with standard chest compression.

Many generations of vest CPR systems have been devel-
oped and tested. Studies with an early vest device reported
by Luce et al. in 1983 and 1984 showed that hemodynam-
ics in a dog model of CPR were only minimally if at all
improved with vest CPR compared with mechanically per-
formed standard external chest compression.92,93 Niemann
et al.91 and Halperin et al.74 used an improved system and
showed augmentation of perfusion pressures and blood
flows with vest CPR either with or without simultaneous
ventilation. In the study by Halperin’s group, survival was
also better in the group of dogs receiving vest CPR. At high
vest pressures, they produced myocardial and brain blood
flows equivalent to that in control animals, although they
noted some trauma. At somewhat lower vest pressures,
myocardial blood flow was 40% of prearrest flow, and cere-
bral blood flow was essentially equal to prearrest flow, with
no trauma. These latter flows were greater than had been
reported previously with standard external chest compres-
sion by any author.

Swenson et al. reported a study of vest CPR in 10 patients
late in cardiac arrest85; they found no improvement in

Mechanical devices 591



coronary perfusion pressure produced with that vest CPR
system. Halperin et al. subsequently reported a two-phase
study of vest CPR using an improved vest CPR system,
which incorporated a vest that covered more of the chest
than did previous systems.78 This system also included a
small positive pressure on the chest in-between compres-
sions to keep the vest tight against the chest. With the
improved vest CPR system, hemodynamics in humans
were significantly improved over those of standard exter-
nal chest compression. Peak aortic pressure was nearly
doubled (up to an average of 138 mm Hg), and coronary
perfusion pressure increased by 50%. A hemodynamic
tracing during manual and vest CPR in a patient is shown
in Fig. 31.6. In addition, 4 of the 29 patients had return of
spontaneous circulation during vest CPR despite being
treated late (50�22 min) in resuscitation. The second
phase of the study randomized patients to either vest CPR
or standard external chest compression after initial (11�4
min) advanced cardiac life support failed to resuscitate the
patients. There was a trend toward improved initial resus-

citation in the vest CPR group, but the trial was too small to
show a statistically significant benefit.

If the vest is applied below the desired thoracic region,
increased abdominal trauma could be expected. The vest
does not, however, appear to increase the incidence of
trauma over that of manual CPR,78 although only limited
data are available.

Applicability

Vest CPR requires a sophisticated device for its adminis-
tration, which limits its use to locations where the device
would be readily available. Application of the vest itself is
not difficult and can be performed successfully by nurses,
given only a few minutes instruction in its use. It is likely
that, if vest CPR proves successful in improving survival
from cardiac arrest, it will remain predominantly in the
hands of health care professionals. It will serve as a sup-
plement, therefore, to the best form of standard CPR
available for out-of-hospital arrests. Both animal and
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Fig. 31.5. Comparison of vest CPR and manual CPR. The vest is like a large blood pressure cuff that encircles the chest. A pneumatic

system inflates and deflates the vest to compress and release the chest. Flat defibrillator (defib) pads can be placed beneath the vest so

that defibrillation can be performed during compressions. The vest compresses most of the circumference of the chest (lower panels),

compared with a point compression of standard CPR. (From ref. 78.) Copyright 1993, N. Engl. J. Med.



human data show rather dramatic improvements in
hemodynamics with vest CPR. If vest CPR can routinely
raise the coronary perfusion gradient above the threshold
required for late defibrillation to be successful, then it
could make a measurable impact on the ability to achieve
return of spontaneous circulation. Until sufficient human
studies are done, however, we will not know whether or
not this will result in improved long-term survival and
neurologic recovery.

Load distributing band (LDB) cardiopulmonary
resuscitation

It had previously been shown that the circumferential vest
device, analogous to a large blood pressure cuff that was
inflated and deflated, could generate pressures during CPR
that were substantially improved over those generated by
standard CPR.74,78 That vest device, however, was too large,
and consumed too much power to be easily portable, and
it has not been tested in large clinical trials. An improved
device, based on a band that distributed the compression

load over the entire anterior chest (load distributing band,
LDB) was subsequently developed.

Physiology

The LDB device probably has similar physiology to the
vest CPR device, given that the compressive load is dis-
tributed over a large portion of the chest with both
devices. An initial animal trial showed that the LDB device
generated peak aortic and coronary perfusion pressures
that were improved over those generated with standard
CPR.94 An improved device was subsequently developed
and was named the AutoPulseTM (Fig. 31.7). In a study
with an improved LDB device, 30 pigs (16�4 kg) were
investigated, comparing LDB-CPR to conventional CPR
with the piston device (C-CPR). LDB-CPR improved
coronary perfusion pressure without epinephrine
(LDB-CPR 21�8 vs. C-CPR 14�6 mmHg, mean�SD,
P�0.0001) and with epinephrine (LDB-CPR 45�11 vs. C-
CPR 17�6 mmHg, P�0.0001). LDB-CPR improved
myocardial flow without epinephrine, and cerebral and
myocardial flow with epinephrine (P�0.05). LDB-CPR
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also produced greater myocardial flow at every coronary
perfusion pressure (P�0.01). One of the mechanisms for
the improved hemodynamics with LDB-CPR appears to
be airway collapse (Fig. 31.8) that occurs with LDB-CPR,
trapping air in the lungs resulting in higher and more
sustained intrathoracic pressure generation, and not
present with C-CPR.95

In a preliminary trial in terminally ill patients, after a
minimum of 10 minutes of failed advanced life support,
subjects received alternating periods of manual and
LDB chest compressions for 90 seconds each. Peak aortic

pressures were higher with LDB CPR when compared with
manual CPR (150�8 vs. 122�11 mm Hg, P�0.05, mean�

SEM), as was coronary perfusion pressure (20�3 vs. 15�

3 mm Hg, P�0.02), even though the manual chest com-
pressions were of consistently high quality (51�20 kg)
and in all cases met or exceeded American Heart
Association guidelines for depth of compression.96 In that
latter study, coronary perfusion pressure was raised above
the level generally associated with improved survival.97

In a case control study of LDB-CPR, a retrospective
chart review was undertaken where a manual CPR com-
parison group was case-matched for age, gender, initial
presenting ECG rhythm, and the number of doses of ACLS
medications as a proxy for treatment time. Matching was
performed by an investigator blinded to outcome and
treatment group. Sixty-nine LDB-CPR cases were
matched to 93 manual CPR only cases. LDB-CPR showed
improvement in the primary outcome of survival to
arrival at the emergency department, when compared to
manual CPR with any presenting rhythm (LDB-CPR 39%,
manual 29%, P�0.003). When patients were classified by
first presenting rhythm, shockable rhythms showed no
difference in outcome (LDB-CPR 44%, manual 50%,
P�0.340). Outcome was improved with LDB-CPR in
initial presenting asystole and approached significance
with pulseless electrical activity (asystole: A-CPR 37%,
manual 22%, P�0.008; PEA: A-CPR 38%, manual 23%,
P�0.079).98
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Fig. 31.8. Magnetic resonance imaging of the thorax during Load Distributing Band cardiopulmonary resuscitation in a pig. The trachea

is widely patent in the uncompressed state (A, arrow) but is nearly fully collapsed during peak compression (B, arrow). (From ref. 95.)



A prospective trial (ASPIRE trial) compared resuscita-
tion outcomes following out-of-hospital cardiac arrest
when an automated LDB-CPR device was added to stan-
dard emergency medical services (EMS) care with manual
CPR. The trial included 5 centers and enrolled 1071
patients. Block randomization was done, in which a spe-
cific EMS crew would perform either LDB-CPR or manual
CPR on a specific number of patients (block size), then
perform the other type on a subsequent block of patients.
In addition, the crews had the discretion of whether or not
to enroll specific patients. The primary end point was sur-
vival to 4 hours after the 911 call. Following the first
planned interim monitoring conducted by an independ-
ent data and safety monitoring board, study enrollment
was terminated. No difference existed in the primary end
point of survival to 4 hours between the manual CPR
group and the LDB-CPR group overall (N�1071; 30% vs.
29%; P�0.74). However, among the patients who were felt
to have primary cardiac arrests, survival to hospital dis-
charge was 9.9% in the manual CPR group and 5.8% in the
LDB-CPR group (P�0.06, adjusted for covariates and
clustering). A cerebral performance category of 1 or 2 at
hospital discharge was recorded in 7.5% of patients in
the manual CPR group and in 3.1% of the LDB-CPR group
(P �0.006).99

There are a number of issues that make interpretation of
the results of the ASPIRE trial problematic. Statistical
analysis showed that the study sites were not statistically
homogeneous, in that one site was statistically different
from the other four sites. The statistically different site had
much higher survival rates for both manual CPR and LDB-
CPR than the other four sites, prior to a protocol change
that occurred in the middle of the trial. The survival with
LDB-CPR and manual CPR were similar before the proto-
col change, but the survival with LDB-CPR decreased dra-
matically after the protocol change. The one statistically
different site was responsible for the overall decrease in
survival noted in the study. In addition to the change in
protocol, other factors that could explain the decreased
survival with LDB-CPR in the ASPIRE include: (1) bias that
could be introduced by the block randomization and crew
enrollment discretion, (2) delays in performing defibrilla-
tion, and (3) inadequate training.

A prospective and retrospective trial (Richmond trial)
was conducted in Richmond, Virginia, comparing LDB-
CPR with manual CPR after the emergency medical services
system there switched from manual cardiopulmonary
resuscitation (CPR) to load-distributing band (LDB) CPR. A
total of 499 patients were included in the manual CPR
phase (January 1, 2001, to March 31, 2003) and 284 patients
in the LDB-CPR phase (December 20, 2003, to March 31,

2005); of these patients, the LDB device was applied in 210
patients. Patients in the manual CPR and LDB-CPR phases
were comparable except for a faster response time interval
(mean difference, 26 seconds) and more EMS-witnessed
arrests (18.7% vs. 12.6%) with LDB. Rates for ROSC and sur-
vival were increased with LDB-CPR compared with manual
CPR (for ROSC, 34.5% vs. 20.2%; and for survival to hospital
discharge, 9.7%; 95% CI, 6.7%–13.8% vs. 2.9%; 95% CI,
1.7%–4.8%; adjusted OR, 2.27; 95% CI, 1.11–4.77). In a sec-
ondary analysis of the 210 patients in whom the LDB device
was applied, 38 patients (18.1%) survived to hospital
admission (95% CI, 13.4%–23.9%) and 12 patients (5.7%)
survived to hospital discharge (95% CI, 3.0%–9.3%).100 A
weakness of the Richmond trial is that there is a historical
control group. A major strength is that all patients treated
for cardiac arrest were included.

Applicability

Like vest CPR, LDB-CPR requires a sophisticated device for
its administration, which limits its use to locations where
the device would be readily available. The LDB device is,
however, readily portable and can be applied in as little as
30 seconds. The LDB device will likely serve as a supple-
ment, therefore, to the best form of standard CPR available
for out-of-hospital arrests. Both animal and human data
show rather dramatic improvements in hemodynamics
with LDB-CPR, and there are mechanistic explanations for
those improvements. If LDB-CPR can routinely raise the
coronary perfusion pressure above the threshold required
for resuscitation, then it could make a measurable impact
on the ability to achieve return of spontaneous circulation.
LDB-CPR significantly improved survival in the Richmond
trial, but not in the ASPIRE trial. The reasons that these two
trials showed such differences in survival are unclear.
There are likely to be implementation and training issues
that have to be addressed. In addition, one site was respon-
sible for the overall decrease in survival noted for the
ASPIRE trial, which was probably due to that site’s change
in protocol midway through the trial. Another trial is com-
mencing that will address the issues noted in the previous
trials and should be large enough to determine the true
clinical utility of LDB-CPR.

The future

Research aimed at improving survival from cardiac arrest
both in- and out-of-hospital continues. The first 45 years
of external chest compression have been marked by
enthusiasm, disappointment, innovation, and specula-
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tion, but to date no technique has convincingly positioned
itself to replace standard CPR as we now know it. Research
has contributed a great deal to the science of CPR and set
the stage for real advancement in the resuscitation of
cardiac arrest victims. The critical importance of early
defibrillation is now clearly recognized, as is the
importance of improved blood flow. Likewise, the criteria
used to judge a new CPR method have been defined. These
measures – coronary perfusion pressure (important in
predicting return of spontaneous circulation), systolic
arterial pressure (predictive of cerebral blood flow and
likely of neurologic recovery), and ultimately survival-to-
hospital discharge – will drive the search for the best
method or methods of applying force to the human body
over the next several years. The future may lie not so much
in a replacement of current CPR as in evolution to differ-
ing types of CPR under different circumstances, as well as
improving the quality of standard CPR. Small hand-held
devices are already under development that measure
chest compression depth and compression rate to provide
even lay rescuers with feedback to help them perform
chest compressions at the specified 1.5–2 in of displace-
ment and 100 compressions/ minute. Resuscitation initi-
ated by lay persons will by necessity remain a manual
technique, but some other form of CPR may be used once
qualified rescuers are on the scene. Currently the distinc-
tion between basic and advanced life support involves the
availability of drugs, mechanical airways, and defibrilla-
tion. It is very possible that the form of CPR utilized may
also become part of this distinction, as well as the
concomitant use of more advance strategies such as
hypothermia.
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Standard external cardiopulmonary resuscitation (CPR)
generates at best, 20% to 25% of normal cardiac output and
is frequently inadequate to restore initial cardiac activity.
Furthermore, this limited blood flow during CPR decreases
as either the time of arrest is prolonged1 or the time of CPR
is increased.2 When sudden death is the result of ventricu-
lar fibrillation, immediate countershock is very effective
not only in defibrillating the heart but also in restoring
effective myocardial contractions.3 As the time in which
the heart fibrillates in a non-perfused state increases,
however, the likelihood of successful defibrillation with
restoration of adequate contractile function diminishes.4

At some point, the heart reaches an irreversible resuscita-
tion state. It is this limited reperfusion capability of stand-
ard CPR techniques that continues to drive the search for
newer reperfusion techniques following cardiac arrest.

Cardiopulmonary bypass in animal models

Cardiopulmonary bypass has been investigated as a means
to reperfuse the non-working heart in cardiac arrest.
Cardiopulmonary bypass can generate much higher flows
than traditional external chest compression, allowing for
resuscitation after prolonged cardiac arrest. Even with the
capability of restoring full flow, there are still limits to
myocardial resuscitability after long periods of cardiac
arrest. In the canine model, normal levels of reperfusion
flow generated by cardiopulmonary bypass after 15 and 20
minutes of untreated ventricular fibrillation resulted in
successful resuscitation in all animals.5 After 30 minutes of
non-perfused ventricular fibrillation, however, full flow
cardiopulmonary bypass was successful in restoring ROSC

in only 50% of animals.5 During cardiac arrest, coronary
perfusion pressure has been noted to correlate with
myocardial blood flow.6,7 The minimum coronary perfu-
sion pressures necessary for ROSC have been estimated at
greater than 18 mm Hg in canine models,8 and greater than
15 mm Hg in humans.9 With cardiopulmonary bypass,
much higher coronary perfusion pressures can be
achieved. In a ventricular fibrillation model, coronary per-
fusion pressure was noted to improve from 18�8 mmHg
during standard external CPR, to 27�10 mmHg after
adrenaline administration, to 58�6 mmHg after institu-
tion of cardiopulmonary bypass (Fig. 32.1).10

Although high flows can be achieved, perfusion pres-
sures while subjects are on cardiopulmonary bypass gen-
erally do not return to baseline levels unless an adrenergic
agent is used, particularly after prolonged ischemia. The
previously reported correlation between coronary perfu-
sion pressure and myocardial blood flow seems to be lost
with cardiopulmonary bypass reperfusion following
cardiac arrest. Despite normal flows, coronary perfusion
pressure may be subnormal. This is similar to the intra-
operative experience of central cardiopulmonary bypass,
where the mean arterial pressure is noted to fall after the
patient is placed on cardiopulmonary bypass. Perfusion
pressures of 40 to 60 mm Hg are tolerated without adverse
consequences.11 The significance of subnormal coronary
perfusion pressures in the face of normal or supranormal
organ blood flow during acute resuscitation is unclear.
When epinephrine, either as a bolus or continuous infu-
sion, is given in conjunction with cardiopulmonary
bypass, normal or even supranormal coronary perfusion
pressures can be generated while the heart is fibrillat-
ing.12,13 In “high flow” reperfusion states after prolonged
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cardiac arrest, the �-adrenergic effects of adrenaline may
be more important in reversing postresuscitation myocar-
dial dysfunction than �-adrenergic effects in raising coro-
nary perfusion pressure.13, 14

The main benefit of cardiopulmonary bypass in cardiac
arrest seems to be its ability to restore flow. Cardiopul-
monary bypass can provide flows that approximate base-
line cardiac output. During reperfusion of ventricular
fibrillation, flows of 80 to 100 ml/kg per min have been
reported in canine cardiac arrest models15 and flows above
200 ml/kg per min have been reported in swine cardiac
arrest models.12,16 These flows far exceed those generated
by standard CPR and its variations. With the use of periph-
eral cardiopulmonary bypass during ventricular fibrilla-
tion, there is retrograde perfusion of the aorta from the
femoral arteries and antegrade perfusion of the coronary
and cerebral arteries.17,18 Organ blood flow patterns seem
to be altered when cardiopulmonary bypass is instituted
after the global ischemia of cardiac arrest. An early hyper-
emia is seen in some organs, particularly the brain and the

heart, and is probably secondary to ischemic vasodilation
with loss of vascular autoregulation.19

In canine cardiac arrest models, cardiopulmonary bypass
has shown improved ROSC rates when compared to stan-
dard CPR with advanced life support after non-perfused
ventricular fibrillation of 10 minutes,20 12 minutes,21 12.5
minutes,22 and 4 minutes of ventricular fibrillation plus 30
minutes of CPR.23 Cardiopulmonary bypass survivors in
these studies showed improved neurologic outcome at 72
hours, when compared to survivors of CPR and advanced
life support. Similar results have been reported in the swine
model. Cardiopulmonary bypass was successful in achiev-
ing ROSC in 8/8 swine after 10 minutes of ventricular fibril-
lation and 5 minutes of failed conventional CPR therapy.12

The utilization of an adrenaline infusion (3 	g/kg per min)
during cardiopulmonary bypass resulted in normalization
of coronary perfusion pressure and re-establishment of
spontaneous circulation after an average of 23 minutes
compared to 152 minutes without adrenaline.12

In a comparison of cardiopulmonary bypass with open-
chest CPR and closed-chest CPR (in a canine ventricular
fibrillation model), improved rates of ROSC were obtained
with cardiopulmonary bypass.24 Furthermore, cardiopul-
monary bypass showed improved ROSC rates when com-
pared with standard and high-dose adrenaline in a canine
postcountershock model of pulseless electrical activity.25 In
both of these studies, however, there was no statistical
improvement in 2-hour survival. Safar et al. reviewed their
work with cardiopulmonary bypass in cardiac arrest animal
models at the University of Pittsburgh Resuscitation Center
from 1982 to 1988. Of 221 dogs from six cardiac arrest
studies, 179 received cardiopulmonary bypass during ven-
tricular fibrillation. All animals receiving cardiopulmonary
bypass achieved ROSC after ventricular fibrillation times
ranging from 10 to 30 minutes prior to the onset of car-
diopulmonary bypass.15

Human resuscitation applications of
percutaneous cardiopulmonary bypass

Currently, there is growing experience with the use of car-
diopulmonary bypass for the acute resuscitation of cardiac
arrest patients. This has been facilitated by the availability
of smaller, more portable centrifugal pumps and the uti-
lization of percutaneous cardiopulmonary bypass per-
formed by cannulation of the femoral vessels. Reference to
the most recent American Society for Artificial Internal
Organs Registry indicates a trend toward centrifugal
pumps even for the more standard indication of postcar-
diotomy cardiogenic shock cases, with about 70% of cases

Invasive reperfusion techniques 601

CPR – Group I

Perfusion pressure

CPB – Group II

1091

Time (min)

11 12

*

*

13 14

60

80

C
o

ro
n

ar
y 

p
er

fu
si

o
n

 p
re

ss
u

re
 (

m
m

H
g

)

100

120

40

20

0

Fig. 32.1. Coronary perfusion pressure with standard external

CPR (Group I) and cardiopulmonary bypass (Group II). All

animals received adrenaline 0.05 mg/kg at 10 minutes. (From
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treated with centrifugal pumps.26 To date, no controlled
studies have examined the use of cardiopulmonary bypass
in cardiac arrest, but there are a growing number of case
series.27–34

The first successful complete bypass of the heart and
lungs in a human was reported by Gibbon in 1954.35 For
acute resuscitation, the use of cardiopulmonary bypass
was first reported in 1961 for successful pulmonary throm-
bolectomy.36 In 1967, two cases of hypothermia treated
with cardiopulmonary bypass were reported.37,38 In 1976,
Mattox and Beal reported a series of 39 moribund patients
resuscitated with portable cardiopulmonary bypass by
using femoral artery and vein access.27 Etiologies of shock
or arrest state included massive pulmonary embolus,
trauma, drug overdose, myocardial infarction, and cardiac
arrest of unclear origin. Of the 39 patients, 15 were long-
term survivors, 13 of whom were patients with pulmonary
embolus.

Utilizing femorofemoral bypass, Phillips et al. reported
on five patients with cardiac arrest who, after failing con-
ventional therapy, achieved ROSC with cardiopulmonary
bypass.28 Three patients survived. The investigators
reported flows on bypass of 2.0 to 2.5 l/min. Interestingly,
they reported that the procedure took less than 5 minutes
in all patients. The ease and speed of cannulation for fe-
morofemoral bypass seems to be quite variable, with other
groups reporting much longer cannulation and set-up
times. In a later report, Phillips et al. reported on 22 add-
itional patients, of whom 15 were in cardiac arrest at
the time of femorofemoral cardiopulmonary bypass. All
cardiac arrest patients except the four trauma patients were
initially resuscitated and six were long-term survivors.29

Again they noted application times of less than 5 minutes.
Attempts have been made to use cardiopulmonary

bypass in out-of-hospital cardiac arrest patients once they
arrive in the emergency department.30 Key elements in
successful resuscitation with cardiopulmonary bypass are
the ischemia time prior to institution of cardiopulmonary
bypass, time and success of cannulae placement, and
availability of an on-call bypass team within the hospital.

The most extensive experience with the use of car-
diopulmonary bypass in cardiac arrest has been with
in-hospital cardiac arrests. Reported outcomes have been
variable. In a series of 11 patients in cardiac arrest
who received percutaneous cardiopulmonary bypass, 2
patients were long-term survivors. The two survivors were
significantly younger and without atherosclerotic heart
disease when compared with the non-survivors.31 In
another series of 32 patients receiving cardiopulmonary
bypass, the overall survival rate was 12.5%, and only 1
(3.4%) of the 29 patients presenting in cardiac arrest left the

hospital.32 In this series, cardiopulmonary bypass was
instituted within 15 minutes of cardiac arrest in 10/29
patients, within 15 to 30 minutes in 9 patients, and in more
than 30 minutes in 10 patients. The time to place patients
on bypass after the request was received ranged from 5 to
35 minutes.

In another series of patients from Sharp Memorial
Hospital in San Diego, California, the experience of 38 hos-
pitalized patients receiving emergent cardiopulmonary
bypass was reported. Patients had cardiac arrest and
failure of standard CPR prior to the onset of portable
cardiopulmonary bypass. Thirty-six of 38 patients were
successfully resuscitated to a stable heart rhythm. Two
patients could not be cannulated. Bypass support allowed
eight diagnostic angiographic procedures to be performed.
Twenty-four of the 36 patients underwent operative proce-
dures and 18 of the 36 patients were successfully weaned
from bypass. Six (17%) of 36 were long-term survivors.33

In the largest series to date, the National Cardio-
pulmonary Support Registry for Emergency Applications
in 1992 reported a total of 187 patients from 17 institutions
who were treated with emergent portable cardiopul-
monary bypass.34 Of the 187 patients, 116 patients had wit-
nessed cardiac arrest and 14 had unwitnessed cardiac
arrest. In the witnessed cardiac arrests, the time in arrest
before bypass ranged from 5 to 272 minutes, with a mean
time of 45�43 minutes. Other emergent indications for
bypass were cardiogenic shock, profound hypothermia,
and pulmonary insufficiency. The registry defined success-
ful bypass as a mean arterial pressure of 
60 mm Hg
together with flows
2.0 l/m2. One of the key advantages to
the use of bypass in these patients appeared to be the cap-
ability of supporting the patient so that various diagnostic
and therapeutic procedures could be performed. This
occurred in 74.9% of the total patients. Bypass times
ranged from 5 to 4,500 minutes, with 36 patients having
bypass times of more than 8 hours. In patients suffering
cardiac arrest, 30-day survival was 15.5%, with overall sur-
vival in all patients of 21.4%. The authors concluded that
patients with unwitnessed cardiac arrest and patients with
refractory cardiac arrest who have received more than
30 minutes of CPR are poor candidates for emergent car-
diopulmonary bypass. Good candidates for emergent car-
diopulmonary bypass are patients with anatomically
correctable problems and patients for whom therapeutic
procedures such as angioplasty can be performed. The
other small but important group that should benefit from
emergency cardiopulmonary bypass are patients with
hypothermic cardiac arrest.

Both femorofemoral bypass39 and central cardiopul-
monary bypass with median sternotomy have been used40
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in the successful treatment of hypothermic cardiac arrest
patients. A number of case studies and reports in the liter-
ature describe successful outcome with bypass-assisted
perfusion and rewarming.41,42 Such cases include the
resuscitation of a child submersed for 66 minutes in cold
water, with subsequent normal neurologic outcome.43 A
case series from Finland of 23 patients with hypothermia-
generated cardiac arrest (mean temperature, 24.4 ºC) were
placed on cardiopulmonary bypass after a mean of
106 min of CPR. Fourteen of the 23 patients (61%) were
resuscitated and discharged from the hospital.44 A recent
follow-up report on 15 young, severely hypothermic
patients (core temperature 17.1 ºC–25 ºC) in cardiac arrest
who were resuscitated using cardiopulmonary bypass
found minimal or no cerebral impairment, despite the
long cardiac arrest times.45 There is general consensus
that severe hypothermia with refractory cardiac arrest is
an indication for emergent cardiopulmonary bypass.
Nevertheless, no controlled studies have been performed,
nor are they likely to be done, given the small number of
available cases at single institutions.

Percutaneous cardiopulmonary bypass has also been
used in elective high-risk coronary intervention, includ-
ing valvuloplasty, coronary arthrectomy, or coronary
angioplasty.46 Patients are instrumented for bypass before
the procedure. If cardiovascular collapse or cardiac arrest
should occur during the procedure, bypass can be initi-
ated immediately. There are reports of successful imple-
mentation of cardiopulmonary bypass in cardiac arrest
patients who fail to respond to advanced cardiac life
support allowing transfer to the operating room for coro-
nary artery bypass graft surgery or emergent coronary
angioplasty.47 Shawl et al. reported that 4 of 7 patients
had good long-term survival.47 The location of the cardiac
arrest has been noted to be a significant factor, with the
best survival rates in patients suffering cardiac arrest
near the cardiac catheterization laboratory.48 Presumably,
the coronary anatomy of these patients was rapidly
defined and could be followed by a therapeutic proce-
dure if a reversible lesion were present. In the National
Cardiopulmonary Support Registry report of 187 patients
(125 patients in cardiac arrest), bypass was initiated in the
cardiac catheterization laboratory in 33% of the total
patients. Another 28% of these patients had bypass
started in the operating room, 26% in the intensive care
unit, 5% in the emergency department, and 5% on the
hospital floor.34

In pediatric patients, veno-arterial extracorporeal mem-
brane oxygenation (ECMO) has been used successfully for
resuscitation from shock and cardiac arrest. Although
analogous to cardiopulmonary bypass, generally lower

flows are used to assist the intact but dysfunctional circu-
latory system. In a report of more than 600 children receiv-
ing ECMO, specific indications for instituting ECMO
included cardiopulmonary arrest unresponsive to stan-
dard therapy, inability to wean from cardiopulmonary
bypass following surgery, and refractory hypotension with
blood pressure �50 mm Hg.49 The University of Michigan
reported their experience with either veno-venal bypass or
veno-arterial bypass in severe pediatric respiratory failure
in which 15/25 patients were long-term survivors.50 Veno-
venous bypass was used for respiratory failure without
concomitant cardiac failure. This has little, if any, applica-
tion during cardiac arrest. Flow rates were titrated to main-
tain arterial oxyhemoglobin saturation around 90%.
Required flows were generally similar to full cardiopul-
monary bypass flows, ranging from 100 to 150 ml/kg per
min for veno-arterial bypass and 80 to 100 ml/kg per min
for veno-venal bypass. The hematocrit was maintained at
45% and continuous heparinization was used to maintain
anticoagulation. The Children’s Hospital of Pittsburgh
reported their experience with ECMO in 33 children
between 1981 to 1991. Eleven of these patients suffered
sudden cardiac arrest after open-heart surgery and were
placed on ECMO after unsuccessful CPR; there were 7/11
early survivors, 6 (55%) of whom were long-term neurolog-
ically intact. Overall long-term survival in all patients
receiving ECMO was 14/33 (42%). The duration of CPR
prior to institution of ECMO ranged from 20 to 110
minutes, with an average time of 65�9 minutes.51 The
application of ECMO to cardiac arrest patients is limited by
the time needed to institute therapy. The authors report the
time required to set up and prime an ECMO circuit is 20 to
30 minutes with a separate perfusion team on call at all
times for ECMO.

Recently a combination of therapies has shown a sur-
prisingly high resuscitation rate with good neurologic
outcome. Two recent series from Japan in out-of-hospital
cardiac arrest patients combined the use of cardiopul-
monary bypass for resuscitation with emergent percuta-
neous coronary intervention (PCI) in suspected acute
coronary syndrome (ACS) and then mild induced
hypothermia to 34 ºC.52,53 Both noted higher resuscitation
rates in patients found to have coronary lesions amenable
to PCI than cardiac arrest of undetermined cardiac etiol-
ogy. The survival rate was 40% with 25% having good neu-
rologic outcome in one study53 and 30% survival with 24%
good neurologic outcome in the other study.52

In summary, percutaneous cardiopulmonary bypass for
resuscitation from cardiac arrest can provide near normal
flow even after prolonged cardiac arrest periods, with
improved outcome compared with standard CPR and ALS.
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Nonetheless, based on work to date, this methodology is
likely to be successful only under specific cardiac arrest
situations, namely profound hypothermia or cardiac
arrest due to ACS responsive to PCI, or another surgical
emergency such as valvular dysfunction. Non-discrimi-
nate use of percutaneous cardiopulmonary bypass is
unlikely to improve outcome and becomes cost- and
labor-prohibitive.

Implementation of emergent cardiopulmonary bypass

Much of what we know about the technical considerations
of providing emergent cardiopulmonary extracorporeal
support to cardiac arrest patients comes from cardiopul-
monary bypass-supported angioplasty.54–59 Although it
might be possible to use the equipment and techniques
found in the open-heart surgical arena for elective high-
risk angioplasty procedures, emergency support requires
alterations in traditional techniques. For example, the
preparation time required to set up equipment and devices
associated with conventional bypass surgery would pro-
hibit success in emergency procedures. Cannulation tech-
niques resulting in a large diameter, unrestricted venous
outflow into hard-shell or collapsible reservoirs make the
use of gravity venous drainage possible in the operating
room, but impractical to use in emergency situations.
Bulky equipment and devices also make adaptability and
portability to sites outside the operating room difficult.

Many of the limitations of conventional bypass tech-
niques have been resolved with the use of preassembled

membrane oxygenator circuits, percutaneous cannula-
tion, and centrifugal pumps (see schematic Fig. 32.2).
Preassembled circuits, with only the devices and connec-
tions required to perform emergency bypass support, have
allowed preparation time to be shortened to as little as
5 minutes.28,60,61 Centrifugal pumps not only move the
blood forward through the membrane oxygenator and into
the patient, but also serve to aspirate the venous blood
from the patient. This allows venous cannulation to be per-
formed with smaller diameter cannulae, which would be
unsuitable for gravity venous drainage. As a result, both
arterial and venous cannulae can be inserted percuta-
neously in a time frame suitable for emergency situations.

Circuits used for emergency support, therefore, are typ-
ically simple, closed non-compliant systems, but with this
lack of complexity comes an element of risk if they are oper-
ated by personnel who are unaware of the inherent dangers
(e.g., massive air embolism, hemolysis, thrombotic inci-
dent, or disseminated intravascular coagulopathy). It is
essential that the team assembled to provide emergency
support include perfusionists who have experience with
operating the pump and oxygenator and monitoring the
hemodynamic, oxygenation, and anticoagulation status of
patients undergoing extracorporeal circulation.55,61–63

Careful attention must be given to the development of pro-
tocols for each application of these devices and for each
potential complication. These techniques can only be suc-
cessful if all team members have a clear understanding of
their role and responsibility in the initiation and mainten-
ance of emergent cardiopulmonary bypass.

Equipment and circuit

The hardware and circuits needed for successful emer-
gency support can be either designed and constructed by
the institution or commercially purchased. A centrifugal
pump is required both to aspirate venous blood from the
patient and to drive the blood through the oxygenator to
the patient. Currently, centrifugal pumps are found in a
constrained vortex or impeller design. Both can provide
full bypass flow as long as the cannulae selected are appro-
priate for the size of the patient and oxygen delivery
requirement. A calibrated flow meter, either electromag-
netic or ultrasonic, must be included in the line distal to
the pump to allow blood flow to be monitored and
adjusted. The pump console (Fig. 32.3) consists of a mag-
netic coupling drive motor and measures both flow and
revolutions per minute (rpm) of the pump head. Each of
the pump designs has safety features that are helpful in
emergency support applications. They appear to be less
traumatic to blood over extended support periods and air
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locks will form if they are deprimed with large quantities of
air. They are also considered to be afterload- and preload-
dependent pumps. As an afterload-dependent pump, if the
resistance to outflow is increased by any means (e.g., a
change in patient vascular resistance), the flow will
decrease. This adds an important safety element. If the
bypass line returning blood to the patient should kink or
inadvertently be clamped, the line will not be disrupted. As
a preload-dependent pump, the volume must be continu-
ously provided in an unrestricted way to the pump head in
order for outflow to occur. The perfusionist must continu-
ously monitor the rpm of the pump and patient flow in
order to adjust for probable changes in pump afterloading
(change in arterial vascular resistance) or preloading
(change in venous volume).

A second hardware item required is a water bath system
designed to deliver thermoregulated water to the heat
exchanger of the circuit. This is necessary in order to main-
tain or adjust the patient’s blood temperature. This system
may be either a simple water bath that heats to a narrow
normothermic temperature range with no potential for
adjustment, or a more complicated heating/cooling
system with an adjustable water temperature ranging from
normothermia to deep hypothermia. For many emergency
procedures, maintaining normal body temperature will be
all that is required. For emergency support procedures
involving rewarming the core of hypothermic patients,
some option in the adjustment of water temperature for
heat exchange will be desired. In these situations, careful
regulation of the temperature gradient between the water
and inlet blood temperature will allow for controlled
rewarming.43,64

A gas supply is also required for emergency support
systems. Although some adaptation of wall gas supply is
desired, portability of the equipment necessitates that E or
D cylinders be available. Oxygen can be used alone as a gas
source, but mixing of oxygen and compressed air allows
adjustment of the fractional inspiratory oxygen (FIO2) of
the gas source to the membrane oxygenator. A flowmeter
and gas blender must be used to adjust and monitor both
total gas flow and FIO2.

Additional equipment includes arterial and venous
temperature probes that are inserted into thermowells in
the circuit for temperature monitoring. External battery
systems must be integral to all of the equipment to make
portability to other areas of the hospital possible (e.g.,
intensive care unit, catheterization laboratory, or operat-
ing room). All of this equipment should be housed in a
cart that allows portability and provides storage space
for disposable supplies for circuit construction and
replacement.

The disposable circuit is made up of a membrane oxy-
genator and centrifugal pump head (Fig. 32.4) connected
with appropriate lengths of polyvinyl chloride tubing. This
tubing also makes up an arteriovenous loop, which con-
nects to the vascular cannulae. The membrane lung is often
a polypropylene or polyethylene hollow fiber design that
directs blood flow around the outside of a fiber bundle and
gas flow to the inside of each fiber. This outside fiber blood
flow design provides excellent gas exchange and minimizes
resistance to blood flow from the centrifugal pump. The
membrane oxygenator may have a heat exchanger, proximal
to or integral with the fiber bundle, to maintain or adjust the
patient’s blood temperature. If not part of the oxygenator,
the heat exchanger must be added as a separate device in
the circuit. In some cases, a membrane oxygenator is chosen
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with design features that allow it to act as a safety device in
case of accidental introduction of air. It is possible that air,
inadvertently introduced into the venous side of a mem-
brane oxygenator, can be trapped in the device and perhaps
be eliminated by diffusing to the gas path. This eliminates
the need for air-trapping devices placed distal to the oxy-
genator, which would add complexity to the circuit design
and priming procedures.

A fluid administration line is located proximal to the
centrifugal pump head. This is used to prime the circuit
prior to bypass and may be opened during the procedure
for rapidly administering replacement volume to the
patient. Approximately 350 ml of fluid are required to
prime most systems. Sampling sites should be provided for
access to arterial and venous blood. Often a tubing bridge,
located close to the patient, connects the arterial and
venous lines. This bridge is helpful in the priming proce-
dure, for oxygenator change-out procedures, to eliminate
air that may enter the circuit after bypass has begun, and
often is used to circulate the circuit volume to minimize
stasis at times when bypass is discontinued. Lastly, a line
pressure monitoring device may be incorporated in the
circuit at the oxygenator or at some point in the arterial
line. This is usually a small piece of tubing connecting the
circuit to an aneroid pressure gauge.

Concerns about the use of anticoagulants in these
patients has led to attempts to provide support with

circuits that have been precoated with heparin.65,66 This
likely reduces the risk of heparin-induced hemorrhage and
the complications associated with heparin reversal requir-
ing protamine.

Patient preparation and management with
cardiopulmonary bypass

Rapid cannulation and initiation of cardiopulmonary
bypass is key to the success of extracorporeal emergency
support. Thin-walled polyurethane cannulae are available
that can be inserted percutaneously into the femoral artery
and vein by the Seldinger technique or directly inserted by
a modified Seldinger technique or complete cutdown.28,57

The more direct approach, with some level of cutdown,
may be required in patients with complete circulatory col-
lapse.67 Other cannulation sites (e.g., the internal jugular
vein) may be used if needed. The venous cannula is avail-
able in 17 to 30 F sizes and is long enough (50 to 60 cm) to
advance the tip to the venocaval-atrial junction. The end of
the cannula is multiholed to minimize tissue obstruction
to venous flow. The arterial cannula is available in 12 to 21 F
(15 to 30 cm) sizes and is advanced to the common iliac
artery (Fig. 32.5) Both cannulae must be sized to the
patient in order to ensure minimal obstruction to preload-
ing and afterloading of the centrifugal pump. Iliofemoral
angiography is helpful in elective cases (e.g., angioplasty)
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to ensure an unobstructed course for arterial cannula
advancement and blood flow, but is not practical for emer-
gent procedures. Heparin is administered (300 U/kg) to the
patient after guidewire placement but before vessel dilata-
tion and cannula insertion.28,61,68,69

Since the venous volume is aspirated from the patient
with the centrifugal pump, it is essential that all central
and peripheral venous infusion and monitoring lines
be checked for proper functioning prior to initiation of
bypass.67 Central monitoring catheters must be closed
systems and peripheral administration lines must be
closed or placed on occlusive infusion pumps. It is possible
that an open peripheral line used for drug delivery could
be rapidly emptied of its volume because of the aspir-
ation that will occur in the venous vascular system.
Venipuncture during the bypass procedure could result in
a massive venous air embolism. All venous cannulae must
be properly secured in the patient to avoid movement of

the cannula and exposure of the end holes to air, which
would lead to depriming of the circuit.

Initiation of bypass is performed slowly, especially in
patients who are conscious. This minimizes sudden shifts
in temperature or the consequences of hemodilution.62 The
circuit bypass is clamped and the venous and arterial can-
nulae are unclamped (in that order) with the centrifugal
pump operating at low rpm to ensure displacement of the
prime volume to the patient. If the centrifugal pump is not
on, or is set at an rpm value too low to overcome the after-
load of the patient and circuit, retrograde flow will occur
from arterial to venous cannula. Flow should be increased
to the predetermined target over several minutes. As the
speed of the pump increases, flow will also increase until
there is insufficient preload of the centrifugal pump head
with volume. At this point, further increases in rpm will not
produce increases in flow and the perfusionist will note
decreased flow if the rpm is further adjusted upward. A
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vibration in the venous line and low or negative central
venous pressures are additional signs that the pump head
is not adequately preloaded. If additional flow is required,
volume may be administered to determine if the problem
is inadequate preload or obstruction of the venous
cannula.55,61 Fluid additions through the administration
line proximal to the pump must be monitored carefully
since fluid will be aspirated into the circuit at a rapid rate.
When fluid bags are being changed, all air must be evacu-
ated from the bag and administration line before they are
opened to the patient. Only collapsible fluid containers are
acceptable for use.

Full flow may not be required if the patient is able to
provide some cardiac output and does not show symptoms
of hypoxia or hypotension. If this is the case, some pul-
satility in the arterial pressure waveform will be noted and
some ventilation of the patient’s lungs must be maintained
in order to ensure that the blood that is ejected to the prox-
imal aorta is arterial. The ventilation of the membrane lung
can be adjusted downward to avoid hypocarbia. If,
however, bypass is supporting the entire cardiac output, no
pulsatility will be noted in the arterial waveform. It is likely
that the pulmonary artery and capillary wedge pressures
will also be low under these circumstances. Flow rates
achieving full support should be possible as long as the
cannulae are properly sized to the patient and aspiration of
the venous volume is unobstructed.

Typical measures that are monitored to assess bypass
flow include arterial and central venous pressures, systemic
vascular resistance, venous oxygen saturation, and rpm. As
patients regain consciousness, systemic vascular resistance
may increase. High rpm values with low flow may suggest a
high systemic vascular resistance.70 Blood gases, activated
clotting time, hematocrit, electrolytes, and urinary output
are also monitored. Changing the flow rate and FIo2 on the
gas source to the membrane oxygenator will affect arterial
Pco2 and Po2, respectively. Arterial Pco2 is inversely related
to gas flow rate. As the gas flow rate is increased, more
carbon dioxide is removed from the gas path of the mem-
brane oxygenator, thus increasing the gradient for carbon
dioxide transfer and lowering arterial Pco2. Gas flow should
be initiated at a rate equal to blood flow (a 1:1 ratio) with
subsequent adjustments made based on blood gas analysis.
Arterial Po2 is directly related to ventilating gas Fio2. Precise
control of arterial blood gases, acid–base balance, elec-
trolyte levels, and volume is possible with extracorporeal
support. This precision is a distinct advantage over other
techniques used to resuscitate the arrest patient or rewarm
the hypothermic patient.71,72 The activated clotting time
should be maintained at levels in excess of 400
seconds,56,58,61,68,69 which can be accomplished with inter-

mittent administration of heparin. Since most emergency
support procedures are performed at normothermia,
heparin metabolism will likely be more rapid than is found
in conventional open-heart bypass. Frequent measure-
ments of activated clotting time are required by the perfu-
sionist to avoid a thrombotic incident.

As flow is reduced, more volume will enter the right side
of the heart with eventual ejection from the left side.
Arterial waveform pulsatility will reappear. Volume can be
added to the patient by aspirating through the administra-
tion line until the central venous or pulmonary capillary
wedge pressures are increased to predetermined targets.
As the flow is decreased below 0.5 l/min, the arterial line
will require clamping to avoid retrograde flow through the
arterial line from the patient. Once the patient is off bypass
and the line leading to the centrifugal pump is clamped,
additional volume can be administered from the adminis-
tration line into the venous cannula. When the arterial and
venous cannulae are both clamped, the bypass bridge can
be opened to recirculate the blood slowly through the
circuit to avoid stasis while the patient’s hemodynamic sta-
bility is assessed. Residual volume in the bypass circuit can
be drained into blood transfer bags or centrifuged to
recover the cells for later infusion to the patient.

Open chest cardiac massage

Despite improved hemodynamics during cardiac arrest
with open chest cardiac massage in animal models, at
present open chest cardiac massage is mainly of historical
interest. The current indications for opening the chest
during cardiac arrest in order to perform direct cardiac
massage are limited to very specific traumatic arrests.
Current recommendations advocate emergency thoraco-
tomy only for trauma patients with recent loss of vital signs
(cardiac arrest within approximately 5 minutes) and pene-
trating chest injury. While thoracotomy and open chest
cardiac massage have been done after longer cardiac
arrests and following blunt trauma, no survival benefit
has been noted. Earlier reported series of cardiac arrest
patients who received open chest cardiac massage
involved primarily intraoperative patients who arrested73

many predating the seminal work of Kouwenhoven et al.74

describing closed chest CPR. More recently a few small
series have been described in which open chest cardiac
massage was performed on out-of-hospital cardiac arrests.
In a study from Brussels in which a physician-staffed
mobile intensive care unit was dispatched to the scene of
the cardiac arrest victim, over a 12-year period (1984–1996)
open chest CPR was instituted at the scene in 33 of 2212
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patients who received out-of-hospital closed chest CPR.75

In these 33 patients ROSC was obtained in 13 (39%) and
survival to hospital discharge in 2 patients. At present,
efforts to improve CPR outcome continue to be directed
away from open chest cardiac massage except in very spe-
cific and infrequent situations.

Ventricular assist devices

A number of left, right, and biventricular assist devices
have been used for support in profound heart failure after
various cardiac surgical procedures, and cardiogenic
shock following acute myocardial infarction.76–78 These
devices have demonstrated the ability to sustain circula-
tion even during ventricular fibrillation. Because of the
technical difficulty in applying these devices, however,
such devices are not currently viewed as a therapeutic
option for cardiac arrest patients, unless some degree of
circulatory support is already present. The time constraints
of global ischemia induced by cardiac arrest do not allow
for application of these devices in a reasonable time
period.

Ventricular assist devices that have been utilized in
cardiac arrest are known as direct mechanical ventricular
assistance (DMVA) devices. DMVA was first described in
196679 and consists of a heart assist cup and a pneumatic
driving system. The heart assist cup is constructed of
a rigid translucent shell containing an inner elastic
diaphragm which is placed around the ventricles after a
thoracotomy has been performed. The outer portion of the
cup communicates with the pneumatic drive system
through two ports. A sustained negative pressure exerted
from the driving system holds the cup securely in place on
the ventricles. Through the second port, alternating posi-
tive and negative pressures are pulsed to actuate the
myocardium in systole and diastole. DMVA has shown
increased perfusion pressures and cardiac output in
canine cardiac arrest models when compared with both
closed- and open-chest CPR.80,81 Myocardial blood flow
was measured in a swine model of 10-minute ventricular
fibrillation arrest and reperfusion with 3 minutes of exter-
nal CPR, followed by DMVA. Myocardial blood flow was
significantly elevated above CPR levels and probably
approached baseline levels, although the study did not
report baseline levels or controls.82 Four of the seven
animals were successfully defibrillated.

Potential advantages of DMVA when compared to car-
diopulmonary bypass include no interface of blood with a
foreign surface, which precludes the need for anticoagula-
tion, and perfusion with pulsatile flow, which may be more

beneficial than non-pulsatile cardiopulmonary bypass
flow. Moreover, since the DMVA device is placed directly
over the ventricles after a thoracotomy is performed, the
technique does not rely on obtaining vascular access.

Comparisons between DMVA and cardiopulmonary
bypass in the canine model have not shown one technique
to be clearly superior over the other. In a comparison of 20
dogs with 10 in each group, 4 hours of DMVA was com-
pared to 4 hours of cardiopulmonary bypass while the
heart remained in ventricular fibrillation. Time-to-peak
contracture at the end of the 4-hour perfusion period was
longer in the DMVA group. High-energy phosphate deple-
tion was assessed through myocardial biopsies. A signifi-
cant delay in depletion of left ventricular subendocardial
adenosine phosphate (ATP) was noted in the DMVA
animals. There were no significant changes in ATP between
groups in left ventricular epicardial, right ventricular, or
septal regions of the heart.83 Although both groups
received 4 hours of augmented perfusion, there were dif-
ferences in perfusion between groups. Mean arterial pres-
sure during perfusion was significantly higher in the DMVA
group than in the cardiopulmonary bypass group.83

Central venous pressures were higher in the DMVA group,
however, so that the arteriovenous pressure difference was
similar in the two groups. In assessing organ blood flow
during the 4-hour perfusion period, organ flows with car-
diopulmonary bypass were increased significantly over
DMVA (cardiopulmonary bypass 110% of normal versus
DMVA 75% of control), while at the same time the DMVA
group had a mean arterial pressure significantly higher
than did the cardiopulmonary bypass group.84

Clinical experience with use of DMVA is very limited. A
single trial with DMVA in human cardiac arrests has been
reported.85 Twenty-two patients had institution of DMVA
after failure of conventional cardiac arrest therapy. Twenty
of the 22 patients presented to the emergency department
in cardiac arrest. The average time in cardiac arrest until
application of DMVA was 81�9 minutes. Four of the 22
patients were initially defibrillated; however, two died
within the first hour. The other two died in hospital before
discharge. The authors noted that DMVA could be applied
within 2 to 3 minutes, including thoracotomy time.
Because the time of cardiac arrest before application of
DMVA is not known, it is difficult to determine whether the
device conferred any clinical benefit.

The future

The greatest laboratory and clinical experience to date
with perfusion-augmenting devices and therapy has been
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with cardiopulmonary bypass. Both laboratory and clinical
studies have demonstrated the ability to restore normal
levels of circulation after prolonged periods of cardiac
arrest. What has become clear, however, is that successful
restoration of perfusion is not always sufficient to restart
the heart or ensure good neurologic outcome. There are
time limits to global ischemia beyond which normal or
even greater than normal reperfusion and circulatory
support are insufficient to reverse ischemic damage. When
therapy is started late, the efficiency of treatment in revers-
ing the arrest state to a good long-term outcome cannot be
evaluated accurately. Late therapy, no matter how good, is
never effective once the ischemic capability of the heart
and brain is exceeded. Nevertheless, the window for recov-
ery may be lengthened by circulatory support, thereby
allowing the administration of reperfusion agents that may
be important in ameliorating ischemic and reperfusion
injury. Cardiopulmonary bypass and other circulation
assist therapies may facilitate delivery of such agents and
compensate for any hypotensive effects or reduced perfu-
sion that these agents might cause.

The future use of cardiopulmonary bypass in the setting
of cardiac arrest depends on being able to institute car-
diopulmonary bypass quickly after the onset of cardiac
arrest refractory to initial treatment. The best outcomes in
cardiac arrest with this therapy seem to be in patients with
cardiac arrest due to profound hypothermia or secondary
to acute coronary syndrome with coronary lesions
amenable to PCI or surgical repair. Given that specific sub-
populations of cardiac arrest patients may be more likely to
respond to this therapy and it is not feasible to institute
such therapy in every cardiac arrest patient, strict criteria
for patient selection are needed. Criteria for starting and
stopping these therapies after both successful and unsuc-
cessful ROSC must also be developed.

Future use of cardiopulmonary bypass early in cardiac
arrest may be effective with only partial reperfusion
support, rather than requiring flows equivalent to normal
cardiac output. Early partial circulatory assistance may
permit the attainment of ROSC with continued partial
assistance after circulation has returned. Partial circulatory
support would allow the use of much smaller cannulae,
which would greatly facilitate placement. Lower flow
requirements would permit further modification and pre-
sumably miniaturization of current pumping systems. In
order to utilize this technology effectively, future cardiopul-
monary bypass systems must be smaller, more mobile and
allow for easy set-up and rapid insertion of percutaneous
cannulas. Eventually this technology must be capable of
transport to the patient’s side in the field prior to arrival to
the hospital, to maximize outcome success. Currently the

time to implement cardiopulmonary bypass and the
resources required constitute the foremost obstacles hin-
dering the utilization of this methodology in cardiac arrest.

Summary

Generally global ischemia of 
10 minutes is thought to be
universally fatal. Earlier large animal cardiac arrest studies,
however, have shown good neurologic and cardiac recovery
after cardiac arrests of 12–30 minutes duration prior to any
resuscitative attempts. The key determinant of successful
reperfusion in these prolonged cardiac arrest situations
is controlled reperfusion with use of cardiopulmonary
bypass. Cardiopulmonary bypass allows for much higher
reperfusion flows, reperfusion pressures, and oxygen deliv-
ery than any available CPR methods. Although this level of
reperfusion clearly seems to be superior to the much lower
reperfusion provided by CPR techniques, there are very sig-
nificant limitations of the technique, which continue to
preclude its widespread use. The primary limitations of car-
diopulmonary bypass with cardiac arrest consist of: (a) the
duration of time necessary to bring a portable device to the
patient’s side; (b) time and difficulty to cannulate the
patient’s large vessels under arrest conditions; (c) time to
prime the circuit; (d) large expenditure of resources for this
equipment; (e) the availability of adequately trained per-
sonnel to monitor and run the equipment; and (f) deter-
mining the subpopulation of cardiac arrest victims that
might benefit from this intervention. At present, we are not
able to overcome these limitations on a widespread scale,
although it is likely these obstacles can be overcome in the
future. The promise of this therapy is the capability of pro-
viding controlled, near normal circulation despite the
absence of functional cardiac pumping.
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Historical review of routes of drug administration

Baggellardus, a contemporary of Columbus, observed
Indians applying fumigation to the mouth or anus of
apparently dead persons and brought the technique to
Europe.1 In the aftermath, during the seventeenth and
eighteenth century, scientific societies all over Europe re-
commended warmth, artificial respiration, rectal fumiga-
tion with tobacco smoke, friction, and bleeding for
resuscitation purposes.2,3 Insufflation of air, tobacco
smoke, or vaporized aromatic plants either by mouth, the
nostrils, or the rectum was common,4 stimulants were
administered by nasogastric or rectal tubes, and topical
application with “spirits of wine, hartshorn, or, which is
perhaps the most powerful, the spirits of sal ammoniac”
were used .5 Eventually, tobacco insufflation was aban-
doned when Brodie in 1811 published his observations
that even a dog was easily killed by injection of smoke into
the rectum.2

History of intravenous techniques

Bronze syringes had been known since antiquity,6 when
Heron of Alexandria had recommended his pus extractor
for injection of fluids.7 Blood circulation was discovered
in 1616 by William Harvey,8 and in 1656 the British
astronomer Sir Percival Christopher Wren (1632 to 1723)
first demonstrated intravenous therapy by injecting wine
and beer into a dog.9 He noted that “the opium. . .
did within a short time stupefy, though not kill the dog.”
Three other physicians, acting independently of Wren,
described intravenous (iv) therapy: Johann Sigismund
Elsholtz (1623 to 1688), who infused water into the

brachial artery of a drowned woman in 1661, the surgeon
Carlo Fracassati (ar. 1630 to 1672), and lastly Johann
David Major (1634 to 1693), a medical doctor. Intravenous
drug injection was supposedly first attempted in man in
the failed execution of a servant of the French envoy to
London in 1657.10 A silver syringe and cannula were first
described by Elsholtz in 1667.11 In the years following,
Richard Lower (1631 to 1691) performed the first transfu-
sion from animal to animal in 1666, while Jean-Baptiste
Denis (ar. 1615 to 1704) attempted animal to human
transfusion. As Denis’ patient died one night after the
transfusion, the court of Paris interdicted all transfusions
in 1670. Because of the observed complications (throm-
bosis, hemolysis, embolism), intravenous techniques
played only a marginal role until the nineteenth century.
Intra-arterial injections for the purpose of resuscitation
were then performed by Moritz Schiff.12 In 1891, Arnaud
injected blood directly into the coronary arteries and
showed that defibrinated and oxygenated blood could
revive an arrested heart.13

In 1929, Forssmann started percutaneous techniques
when he catheterized his own right ventricle.14 Intravenous
catheters were tested by Cournand and Ranges15 and
Meyers.16 Duffy described the use of the external jugular
vein in 1949,17 Aubaniac18 reported cannulation of the sub-
clavian vein in 1952, and in 1953 Seldinger described his
technique for catheterization.19 Despite all these advances,
Kouwenhoven, Jude, and Knickerbocker20,21 in the 1960s
still recommended a venous cut-down for drug therapy
after emergency treatment with intracardiac injections.
Swan et al.22 reported on the use of pulmonary artery
catheters in 1970, when Jernigan et al. also published their
experiences with the internal jugular vein approach.23
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History of intracardiac injection

The anatomical features of intracardiac injections were
described by Steiner24 in 1871. Intracardiac injection of
epinephrine probably was first done by Latzko12 in 1904
and Crile and Dolley25 in 1906. In 1919, von den Velden26

reported on 45 cases of intracardiac injections that he had
performed since 1906. Intracardiac (or intraarterial) injec-
tions were used mainly for blood transfusion, however,
until 1921 when several authors reported the successful
use of intracardiac epinephrine.27–29 In their important
papers, Kouwenhoven et al.21,21 recommended intracar-
diac vasopressor injections “since the drug should be
injected into the blood stream for immediate effect.”20 The
common perception was that peripheral iv injections had
no effect in the low flow state of CPR, although sparse data
supported this view:12 “Many physicians are under the
impression that intracardiac injections should be more
effective than intravenous. . . they are reluctant to use
them intravenously even with an intravenous route imme-
diately available.”30 In addition to the pharmacologic
effect, insertion of the needle itself was deemed to affect
the heart.24,26,31 Fontana32 in 1775 had provoked a heart
beat simply by inserting a needle, and in 1829 Krimer33

combined the technique with electricity to resuscitate
drowned patients, thereby introducing some sort of intra-
cardiac pacemaker for the first time. In 1871, Steiner24 pub-
lished extensive historical, anatomical, and physiologic
studies recommending “electropuncture” of the heart for
cardiac arrest during chloroform anesthesia. By the end of
the nineteenth century, however, electrical therapy of
cardiac arrest was no longer practiced.

History of endotracheal administration

Endotracheal (ET) intubation was first performed by the
Belgian anatomist Andreas Vesalius34 in 1543. The absorp-
tion capacity of the lungs was demonstrated by the french
physiologist Claude Bernard35 in 1857 with the administra-
tion of curare to dogs by way of tracheostomy. Several years
later, resorption of many more drugs administered by the
ET-route was reported36,37 Kline and Winternitz in 1915
were the first to recommend the ET route for administer-
ing medication.38 In 1935, Graeser and Rowe39 recom-
mended inhalation of epinephrine for treatment of
bronchial asthma, and direct aerosolized drug delivery was
broadly used for antibiotic therapy of lung infections.40–45

From the 1940s until the 1970s, numerous reports estab-
lished that substantial uptake of local anesthetics occurs
during topical anesthesia of the larynx and trachea, as even
occasional deaths were reported.46–52

History of intraosseous routes

The intraosseous route was introduced after the des-
cription of the circulation within mammalian bone
by Drinker et al.53 and Doan in 1922.54 The first site chosen
was the sternum, but this was quickly abandoned in pref-
erence for the tibia or femur. In 1940, Tocantins showed
that substances injected into the bone marrow appeared
almost immediately in the circulation.55 The intraosseous
technique fell from favor, however, with the introduction
and improvement of intravascular catheters that allowed
for more permanent peripheral intravenous access but
was reinstated in 1983 after a letter to the editor about
intraosseous infusion by Turkel,56 which was followed by a
plethora of clinical and experimental reports.

Peripheral venous routes

Basic physiology

In animal studies with indocyanine green dye, the time
from dye injection to appearance at the aortic root was
94 seconds.57 Peak dye concentration following periph-
eral injection was lower than that following central injec-
tion and time-to-peak concentration was delayed. In
another study, lidocaine time-to-peak following periph-
eral injection was 42 seconds, with therapeutic lidocaine
levels persisting for 9.6 minutes.58 Peak lidocaine levels
averaged 22 	g/ml following peripheral injection com-
pared to 34.5 	g/ml when given by central venous injec-
tion. Open-chest massage reduced circulation time
compared to closed-chest compression.57 For example,
while circulation time after peripheral injection during
closed-chest CPR averaged 94 seconds, it was only 31
seconds with open-chest massage. Dye concentration
curves obtained during open-chest CPR have a sharp
peak with rapid decay, comparable to those observed
during spontaneous circulation and in contrast to those
obtained during closed-chest CPR (Fig. 33.1). The route
of administration is probably less critical during open-
chest CPR as there are only small differences in circula-
tion times between sites. For example, there is an average
difference of only 10 seconds in circulation time between
central and femoral injection during open-chest CPR in
dogs. It is unlikely that there are clinically significant dif-
ferences in man. Although peripheral injection some-
how delays the drug effect, one clinical study suggests
that this does not alter clinical outcome.59 Gueugniaud
et al. reviewed 233 patients given either peripheral
epinephrine (175 patients) or central injection of
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epinephrine (58 patients). Of these patients, 51% receiv-
ing peripheral injection had temporary return of sponta-
neous circulation (ROSC) compared to 38% of patients
receiving central injection; 13 patients were alive after 21
days, including 12 who received peripheral injection and
1 who received central injection. With this sample size,
this study would have a power of 36% to detect a differ-
ence in survival.

Drug delivery after peripheral injection is enhanced by
following the injection with a saline flush.60 After a 20-ml
flush, circulation times are 40% shorter than those without
a saline flush (Fig. 33.2),61 and correspond to those seen
after central injection.62,63 Yet peak dye concentrations
show no differences.60 Varying the bolus size from 10 to
30 ml also was without significant effect on either circula-
tion time or peak dye concentration. Virtually all of the
studies have been performed in animal models and there
are no data providing a reliable basis for clinical use.
Nevertheless, since preliminary results in dogs have indi-
cated that 10- to 30-ml boluses result in similar circula-
tion times, it seems reasonable to assume that, for clinical
use, a bolus of about 20 ml is appropriate. Peripheral

venous access is the least invasive and safest means of
administering medication during cardiac arrest and does
not interfere with CPR.

Drugs

Injection of epinephrine into the antecubital vein has been
demonstrated to lead to a marked rise in epinephrine levels
within 2 minutes after injection.64 Quinton et al. random-
ized 12 patients to receive intravenous epinephrine admin-
istered either in an antecubital vein or via an endotracheal
tube. The injection of 1 mg of epinephrine IV increased
serum epinephrine levels up to three times the level before
administration. By comparison, the maximal increase in
levels after ET administration was less than half the minimal
increase in epinephrine levels after iv administration. In
dogs, an increase in coronary perfusion pressure occurs
within 1 minute after injection and reaches a peak around 3
minutes, after which the coronary perfusion pressure
begins to return to baseline.65 iv Injection of 0.015 mg/ kg of
epinephrine was found to increase coronary perfusion pres-
sure from 16.9 mmHg to a peak of 22.5 mmHg.

616 T. Kerz et al.

Fig. 33.1. Dye dilution curve after central venous injection during open chest CPR (paper speed 1 mm/s). Arrow indicates dye injection.
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Fig 33.2 (a). Dye dilution curve after central venous injection during closed chest CPR (paper speed

0.25 mm/s). Arrow indicates dye injection.

Fig. 33.2 (b). Dye dilution curve after peripheral injection of indocyanine green dye, followed by

injection of a 20 ml saline bolus (paper speed 0.25 mm/s).

Fig. 33.2 (c). Dye dilution curve after peripheral injection of indocyanine green dye with no saline

bolus injection (paper speed 0.25 mm/s).

(a)

(b)

(c)



For further data, comparing peripheral vs. central
venous, endotracheal or intraosseous routes the reader is
referred to the relevant chapters.

Femoral injection

There is broad, especially military, experience in using the
femoral vein for resuscitation. These lines can provide a
route for fluid administration, although the incidence of
complications increases the longer the line is in place.
Experience during the Vietnam war showed that the
femoral vein could be catheterized successfully 95% of the
time even in patients without palpable pulses.66 The tech-
nique was associated with arterial puncture in approxi-
mately 6% of patients, hematoma formation in 1%, and
wound infection in 1%. No instances of retroperitoneal
hematoma formation in this large series were observed. At
least one civilian study has demonstrated that 89% of
attempts at femoral vein catheterization in patients either
in cardiac arrest or requiring fluid perfusion for shock were
successful.67 Femoral venous access was particularly
useful for rapid fluid infusion, although this is not a con-
sideration, and indeed may be deleterious, in cardiac
resuscitation.

There has been some concern that drugs administered
near the femoral route may not circulate to the central
compartment during CPR.68 A canine CPR model did not
demonstrate a pressure gradient between the inferior vena
cava and right atrium, and cineangiographic studies
revealed significant reflux into the inferior vena cava
during compression. In another canine arrest model,
measurements with radioisotopes established that the
time-to-reach half-peak count over both the right and left
ventricles was markedly delayed for injection into the
inferior vena cava compared to superior vena cava injec-
tion. When corrected for cardiac output during CPR, the
times to right and -left ventricle peaks and half-peaks were
all significantly delayed after inferior vena cava injection.69

In two studies of femoral vein catheterization during
human cardiac arrest, the success rate for correct place-
ment was low. Jastremski et al. found that physicians of
various backgrounds correctly placed catheters in the
femoral vein in only 31% of cases.70 In a larger study with
injection of radiopaque dye to verify catheter placement,
femoral vein catheters were placed correctly 77% of the
time as compared to 94% of subclavian vein catheters.71

The femoral route has never been compared to other
routes during CPR in humans. An older study compared
dogs given epinephrine by a variety of routes: ROSC-time
was 127 seconds for the femoral route, compared to 139

seconds for the intracardiac route, and 116 seconds for
endotracheal administration.30 Recently, Chiang and
Baskin reported that in 121 critically ill infants, children,
or young adults, placement of femoral central venous
catheters was successful in 83% of all cases. Twenty of their
patients were in cardiac/respiratory arrest.72 In summary,
femoral venous injection during cardiac arrest is limited by
a low chance of successful cannulation as well as pro-
longed circulation times. Its use should be limited to situ-
ations in which other routes of administration are
unavailable.

Central venous injection

Peak dye concentrations after central injection in animal
studies were 40%57 or 270%73 greater than those seen after
peripheral injection. Circulation times after central venous
injection are 30%–50% shorter compared to peripheral
injection. In human studies, peak lidocaine levels were
four times greater after central injection than after periph-
eral injection.74 Lidocaine levels reached a peak 30 seconds
after central injection, whereas lidocaine was not detected
until 90 seconds after peripheral injection and did not
reach a peak during the 5-minute study period after
peripheral injection. In a review of 554 catheterizations,
including shock patients, the overall complication rate was
13.7%.75 Normally, the complication rate of placing subcla-
vian catheters can be as low as 1%,76 and differences may
be related to the higher accuracy of prospective studies,
urgency of the situation, and level of physician training.75

Most of these studies have been performed when circula-
tion was spontaneous and the results may not be directly
applicable to the difficult situation of central vein catheter-
ization during ongoing CPR.

Few studies have examined central venous catheteriza-
tion during human CPR. Dronen et al. compared the
superior and inferior approaches to the subclavian vein in
76 patients undergoing CPR, and found no difference in
the overall success rate, although malpositioning was more
frequent with the inferior approach.77 Moreover, the infer-
ior approach led to more frequent interruptions in chest
compression. Emerman et al. found that 94% of attempts
at infraclavicular approaches to the subclavian vein were
successful in human CPR.71 In that study, 11% of catheters
were malpositioned in the venous system, and 6% of the
catheters were inadvertently placed into the arterial
system. Our personal experience is that the supraclavicu-
lar approach to the subclavian vein provides less interfer-
ence with ongoing CPR with a high rate of success.
Nevertheless, the approach chosen should be related to the
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individual operator’s personal experience and expertise.
There is little evidence to suggest that any one approach is
mandated during CPR.

An alternative approach to the central circulation is can-
nulation of the external jugular vein, which is generally
engorged during CPR and is easily cannulated. If desired, a
wire can be passed through the catheter allowing subse-
quent placement of a longer catheter into the superior
vena cava, although venous valves occasionally limit the
success of this maneuver.

Intraosseous injection

Rationale

Successful resuscitation has been shown to depend on the
time to achieve intravascular access, but this is a major
problem, especially in pediatric CPR. Rossetti and
coworkers78 reported that placement of an intravenous
catheter required at least 10 minutes in 24% of the children
in cardiac arrest. Lillis and Jaffe79 found that more than
half of the children younger than 6 years who required
intravascular access did not receive an IV line in the pre-
hospital setting, and that only 4% of children under 6 years
with absent vital signs had successful placement of an IV
line. Unlike iv access, studies of intraosseous infusions
have shown overall success rates of 76%, and 85% of infu-
sions were achieved in less than 1 minute.80 Therefore, it is
recommended that in children under 3 years old, attempts
at peripheral access not be sustained beyond 90 seconds
before an alternative route for drug administration is
sought.81 Although intraosseous infusion is generally con-
sidered a technique for pediatric resuscitation, it can also
be used in adults. Valdes reported no complications in 15
adults, none of whom were in cardiac arrest, who received
2–42 liters via the intraosseous route over a period of
3.5–30 days.82 Iserson used the intraosseous route suc-
cessfully in 22 adults who were in cardiac arrest.83

Temporally related pharmacologic effects were observed
after administration of sodium bicarbonate, lidocaine,
atropine, and vasopressors. Based on experience on adult
cadavers, Clem and Tierney recommended using the cal-
caneus as the preferred site for intraosseous infusion in
adults.84

Flow rates of 10 ml/min with gravity and 41 ml/min with
300 mmHg pressure have been demonstrated with a 13-
gauge needle in the medial malleolus of calves.85 In vivo
flow rates depend on the flow through the bone marrow,
e.g., the characteristics of the medullary space, rather than
on the size of the needle.86 Similar flow rates were also

attained in humans.87 Laspada and coworkers used a piglet
model to compare the extravasation rates and insertion
complications under gravity and 300 mmHg pressure infu-
sion of threaded and nonthreaded needles and found no
significant differences.88

Physiology

A rich network of medullary sinusoids in the long bones is
drained by numerous venous channels that empty into a
solitary longitudinal central venous sinus. From there, the
blood enters the central venous circulation.89 The marrow
cavity functions as a rigid vein and does not collapse during
hypovolemia or circulatory shock.90 After intraosseous
injection, the distribution of drugs and fluids appears to be
very similar to that after iv injection.

Technique

The proximal tibia is the optimal site for the insertion of the
intraosseous needle in children. This site is approximately
1 cm below the tibial tuberosity and medially on the tibial
plateau, and it permits concomitant ventilation or chest
compression during placement.

Other sites for intraosseous infusions include the
sternum, humerus, clavicle, distal tibia, iliac crests, and
femur. Drug absorption and fluid infusion are equally
effective from either site.91 If the distal tibia is used, the
optimal location is in the medial surface of the tibia proxi-
mal to the medial malleolus.89 The distal femur site is just
about 1 cm above the patella and in the midline. The
sternum, humerus, and clavicle cannot be used during CPR.

A number of commercially available bone marrow
needles exist for intraosseous access and infusion.92,93. In
the absence of a bone marrow needle, a strong, large bore
needle with a stylet, such as a lumbar puncture needle,
should be used94 and inserted perpendicular to the bone,
with the bevel pointing away from the joint space. Entry
into the marrow space is confirmed by noting a lack of
resistance after passing through the cortex.95 Aspiration of
blood marrow with a syringe confirms the correct position.
After conventional vascular access is established, the
intraosseous infusion should be discontinued.

Complications

The complication rate for this technique is low. Difficulty
or inability to enter the marrow cavity is the most common
problem, whereby, the needle is accidentally forced
through the opposite site of the bone. Extravasation of
fluid around the puncture site is a minor but frequently
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reported problem and can occur at any site where there has
been a break in the cortex, e.g., around the puncture site,
or from holes from unsuccessful attempts or fractures in
the cortex.89

Potential hazards include fat embolization, cellulitis,
abscess, subperiosteal infiltration or hematoma, and
subcutaneous infiltration. Risk of osteomyelitis is low: of
4270 cases reported between 1942–1977, only 27 cases of
infections were reported.89 Bowley et al. reported an iatro-
genic fracture of the proximal tibia caused by the use of
a bone injection gun device, and suggested perform-
ing follow-up radiographs for all children in whom
intraosseous insertion had been attempted.96 Damage
to the epiphyseal plate is at least of theoretical concern,
although it has never been reported and may be avoided
by placing the needle several centimeters away, and
pointed away from the joint space.89 Follow-up studies
after intraosseous infusion have shown only short-term
periostitis and no long-term sequelae. One study reported
72 patients followed-up with radiographs and showed no
adverse effects 1–2 years after intraosseous infusions.97

Fatalities attributed to intraosseous infusions were all
related to sternal puncture with associated mediastinitis
or injury to the heart or great vessels.98 Therefore, the
sternal site should be avoided altogether. Multiple inser-
tion attempts can significantly decrease vascular drug
levels, presumably due to extravasation.

Clinical applications

Only a few human studies are available, most of which
compared intraosseous, intravenous, and endotracheal
drug administration.

Orlowski et al. studied the pharmacokinetics of epi-
nephrine hydrochloride, sodium bicarbonate, calcium
chloride, hydroxyethyl starch, 50% dextrose in water, and
lidocaine hydrochloride in normotensive anesthetized
dogs.99 Each animal was treated with all three routes of
administration (central iv, peripheral iv, and intraosseous)
in a randomized sequence. Effects of adrenaline were also
assessed in a shock model. The IO route was comparable
with the central and peripheral iv routes for all drugs, with
equivalent magnitudes of peak effect or drug level and
equal or longer durations of action.

Time-to-peak plasma concentration of atropine in
anesthetized monkeys was shortest with iv administra-
tion and longest with endotracheal administration, with
intraosseous administration in-between.100 The mean
concentration of atropine in plasma was significantly
higher in the iv group than in the endotracheal group
at 0.75 and 2 minutes, and the concentration was sig-

nificantly higher only at 0.75 minute compared to
intraosseous administration. Its mean plasma concentra-
tion was, however, significantly higher than that of endo-
tracheal administration at 5 minutes and it was greater
than that of iv and endotracheal administrations for the
samples collected over 5–30 minutes.

In another study, Orlowski et al. compared central iv,
peripheral iv, intraosseous, and intratracheal administra-
tion of epinephrine in both normotensive and hemor-
rhagic shock dogs.101 Epinephrine was equally effective by
the intraosseous, central iv, and peripheral iv routes in
terms of time-to-onset of action, time-to-peak effect, and
magnitude of effect on systolic, diastolic, and mean arter-
ial pressures in both the shock and non-shock animals.
The duration of effect was significantly longer for the
intraosseous route of administration.

Several studies used radioactive isotopes to compare
peripheral and central delivery times by iv and intraosseous
infusion. Cameron et al. injected a radionuclide tracer and
showed that intraosseous infusion achieved peripheral and
central circulation transit times comparable to those
achieved by the iv route during both normovolemic and
hypovolemic states.102 Warren and coworkers studied the
pharmacokinetics from multiple intraosseous sites, includ-
ing tibial, medial malleolar, distal femoral, and humeral, as
well as from peripheral iv site injections in normovolemic
and hypovolemic pigs. They demonstrated similarly rapid
transit times and proportions of bicarbonate and radioac-
tive tracers from all sites.103

In summary, the above-cited studies demonstrate that
intraosseous drug delivery is comparable to both the
peripheral and central venous routes, with equivalent
magnitudes of peak drug effect and levels, and equal or
longer durations of action. Most of these studies, however,
were performed when circulation was spontaneous and
therefore the results may not be directly applicable to a
cardiac arrest setting.

Cardiac arrest

There are only isolated case reports describing successful
resuscitation after intraosseous infusion of epinephrine,
albumin, and bicarbonate in humans.104–106 Ryder et al.
reported on an 11-week-old infant who suffered cardiac
arrest secondary to gastrointestinal hemorrhage and was
successfully treated by intraosseous infusion and dis-
charged with no apparent neurological deficit.105

McNamara et al. reported on a 3-month-old in asystole
who achieved a stable rhythm and blood pressure before
iv access had been obtained following after adminis-
tration of epinephrine and atropine via the endotracheal
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route and sodium bicarbonate through intraosseous
infusion.106

In a porcine resuscitation model, Spivey compared
intraosseous and central and peripheral iv bicarbonate
injection after CPR. The peak increase in pH after
intraosseous administration was greater than that after
peripheral iv injection, although both were somewhat
lower than that after central iv injection.107 In another
swine CPR study, intraosseous injection of 0.01 mg/kg of
epinephrine increased plasma epinephrine levels
without effects on diastolic or mean blood pressure.
Injection of a 10-fold dose led to an increase in blood
pressure, suggesting that intraosseous administration
requires larger than currently recommended doses to
produce a significant change in blood pressure.108

Similarly, injection of epinephrine via both the
intraosseous and central venous route in a lamb CPR
model led to significant increases in plasma epinephrine
levels. Peak concentrations were similar for both routes,
although the peak for the intraosseous route was delayed
by 15 seconds compared with that following central
venous injection.109

Recommendations and summary

Intraosseous drug administration offers an alternative
means of administering drugs, and is now standard emer-
gency care. The technique is simple, rapid and rarely asso-
ciated with major complications. Considering the difficulty
in securing vascular access during low-flow states, current
recommendations of the European Resuscitation Council
consider intraosseous administration the method of choice
of emergency drugs and fluids when iv access cannot be
achieved.110

Endotracheal administration

Advantages

Endobronchial drug administration is a simple and rapid
alternative during CPR when intubation is performed
before intravenous cannulation,111 when the time interval
to intravenous access is prolonged, or when attempts to
establish intravenous access are unsuccessful.112

Basic physiology

The lung with its capillary surface of about 70 m2 plays a
major role in drug uptake.113 Absorption of water occurs at
all levels of the upper airway and lungs, but drug absorp-

tion114 depends on particle size, thickness of absorption
membrane, area of membrane surface, drug conversion or
degradation by lung tissue, the ventilation/perfusion ratio,
drug dilution with saline or water, volume of dilution
carrier, and depth of drug administration into the bronchial
tree.115–120 Small particles, up to a diameter of 6 	m or a mol-
ecular weight of 75 000,121 are absorbed similarly to gas
molecules by a simple diffusion process, and drugs have to
be aerosolized to particles of 1 to 10 	m in diameter to
reach the presumed site of absorption.122 Larger molecules
(more than 6 	m) are absorbed via the bronchial mucosa
(Fig. 33.3). A small amount of drug may be resorbed by the
lymphatic system.123

Method of application

It would be expected that deep endobronchial injection
close to the alveoli would result in a more rapid absorp-
tion than shallow injection. Unfortunately, study data
are contradictory, and several studies suggest varying tra-
cheal or bronchial uptake of non-aerosolized drugs; e.g.,
after injection of 4 ml of dye in 12 cadavers via a specially
designed catheter, followed by three-to-five manual
hyperinflations, (Fig. 33.4) all right main bronchi and 90%
of the left main bronchi are stained by the dye within
24 hours.124

Likewise, shallow injection results in drug delivery only
to the main bronchi, even when followed by manual
hyperinflation.117,125 Even when the saline solution
was administered into the proximal aperture of the tube,
the results were similar to those seen with injection
under bronchoscopic control into the trachea, right main
bronchus, or the right lower lobe bronchus.117 Arterial
lidocaine or epinephrine levels tended to be higher after
shallow administration.119,126

Therefore, adequate drug dilution may be more impor-
tant than the method of application. Dilution of lidocaine
with normal saline to a total volume of 6 ml is more effect-
ive than any other application method.127,128 Lidocaine
levels in anesthetized adults are higher with 10 ml of fluid
than with 3 or 5 ml.115 More recent studies recommend
dilution of epinephrine in at least 5 ml of saline.129

Results in patients with low pulmonary blood flow may
be different. In the study by Ralston et al. on dogs in ven-
tricular fibrillation (VF), 0.2 mg/kg of epinephrine diluted
in 10 ml of saline produced no change in blood pressure
after shallow injection.130 Conversely, a lower dose of
0.1 mg/kg of epinephrine in 10 ml of saline, injected via a
catheter wedged deep into the bronchial tree and fol-
lowed by three hyperinflations, elevated both systolic and
diastolic blood pressure. Therefore, the guidelines in 2000
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recommend passing a catheter beyond the tip of the tube
and hyperventilating the patient after administration via
the catheter, although this is estimated to interrupt
oxygen supply and chest compressions significantly
longer.131 To avoid this, in neonatal cardiac arrest, direct
drug application into the tube is recommended by some
authors.132

Diluent

For choosing the ideal type and amount of diluent for ET
therapy, the effects on blood gases, pulmonary surfactant,
and rapidity of absorption, as well as possible short- and
long-term sequelae should be considered. Some investiga-
tors have advocated the use of normal saline.133 In one
study in dogs, arterial PCO2 increased and PO2 was
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depressed after water was used, whereas no significant
change was observed after ET instillation of normal
saline.134 Yet, as 2 ml/kg of endotracheal fluid were used
which correspond to 140 ml in humans, the results might
not be transferable to humans. No adverse effects of up to
25 ml of normal saline on blood gases were reported.135 Gas
exchange is not impaired during CPR in dogs when 10 ml
of saline are instilled endobronchially.130

In contrast, Redding et al. in 1967 found that dilution of
1 mg of epinephrine in 10 ml of water achieved ROSC faster
than in 10 ml of normal saline, which was similar to iv or
intracardiac injection.136 Naganobu et al. reported that in
dogs, 20 	g/kg of epinephrine given endobronchially in 2 ml
of distilled water increased both levels of epinephrine in
plasma and blood pressure significantly better than did 2 ml
of normal saline as diluent, indicating that distilled water
provided a “solvent drag” for endobronchial epinephrine.137

Although distilled water administered into the endo-
bronchial tree may decrease partial pressure oxygen signifi-
cantly more than normal does saline, these changes could
be judged to be acceptable.138 As a compromise, Orlowski et
al. suggested one-fourth or one-half normal saline. In their
study, intrapulmonary shunt increased to almost 50% with
the use of water and to a lesser extent with normal saline,
whereas use of 0.225% NaCl solution was least injurious and
approximated the control with no fluid in the trachea.133

There are no data analyzing the adequate volume of
diluent for pediatric patients, and only case reports exist for
this group of patients.111,139. It is possible that the volume
administered to children should be correlated to alveolar
surface size, but this requires further investigation.

Drugs

Epinephrine
As early as 1967, Redding and colleagues reported on
the endotracheal route for systemic administration of
epinephrine during resuscitation.30 The onset of action for
ET therapy starts after seconds and lasts for 18 to 20
minutes, whereas onset of IV therapy starts after seconds
and lasts for 2 to 3 minutes.140 When blood levels from the
femoral artery are compared, maximal epinephrine con-
centrations are achieved 15 seconds after either iv or ET
administration. Schuettler et al. observed maximal heart
rate 0.5 minute after IV and 1 to 2 minutes after ET
administration.141

In a study by Crespo142 standard dosing of epinephrine
through the endotracheal tube (0.01 mg/kg) produced only
a small rise of epinephrine blood levels. When common iv-
doses are used endotracheally, the beta-receptor effect is
unopposed by alpha-adrenergic vasoconstriction which

can result in decreases in blood pressure143,144 In models
with spontaneous circulation, a ten-fold higher dose
usually is necessary to produce effects similar to iv
therapy.141 During CPR, the “equipotent epinephrine dose”
administered endobronchially is approximately 3 to 10
times higher than the intravenous dose.145,146

Schuettler et al. prospectively compared peripheral
venous plasma epinephrine levels after intravenous or
deep endobronchial drug therapy in patients with out-of-
hospital ventricular fibrillation, (Fig. 33.5). Intravenous epi-
nephrine resulted in mean plasma levels 70% higher than
endobronchial therapy, was more rapidly detected, and fell
more rapidly below therapeutic levels than did epinephrine
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given endobronchially.147 The investigators considered
endobronchial administration a reliable alternative to iv
injection. Earlier, Schuettler et al. had reported successful
resuscitation of 7 of 19 out-of-hospital cardiac arrest
victims who received only ET epinephrine.146 Several case
reports document the feasibility of ET therapy in children
as well as in adults, recommending an ET dose of 0.1 mg/kg
of epinephrine.148–150

A side effect of endotracheal epinephrine therapy is the
“depot-like” effect.146 Five minutes after ET administra-
tion, blood concentrations were 80% of the initial value,
and this high level persisted for 30 minutes, whereas only

20% of the initial maximal concentration was detected 5
minutes after iv injection.151 This may provide evidence of
poor initial absorption as lung perfusion is only approxi-
mately 10%–30% of normal during CPR. With restoration
of spontaneous circulation, perfusion improves and a
washout effect occurs, resulting in arterial hypertension,
malignant arrhythmias, and recurrence of ventricular fib-
rillation. Therefore, some investigators advise against
repeated administration of ET epinephrine.112

Accordingly, intravenous drug administration remains
the first-line strategy during CPR. Administration of drugs
via an endotracheal tube during CPR is only a second-line
approach.

Vasopressin
When endobronchial vasopressin is diluted with normal
saline,152 identical dosages of vasopressin result in com-
parable blood pressure responses, irrespective of endo-
bronchial, intraosseous,153 or intravenous administration.154

Coronary perfusion pressure increased 2 to 3 minutes later
after endobronchial than after intravenous vasopressin.154

In animal studies, vasopressin accomplished its effect on
diastolic blood pressure more rapidly, vigorously, and pro-
tractedly compared to epinephrine.155 To avoid bradycardia
after cardiopulmonary resuscitation, some authors propose
to use vasopressin with atropine.156 The ILCOR guidelines
2000150 called for vasopressin as an alternative to epineph-
rine in shock-refractory ventricular fibrillation, and the 2005
guidelines concluded that there is insufficient evidence to
support or refute the use of vasopressin as an alternative to
adrenaline.157

Lidocaine
Use of lidocaine during CPR is debatable, yet many studies
have documented its rapid uptake from the respiratory
tract.147 In animal studies, bioavailability of ET lidocaine is
90%. In patients undergoing elective surgery, lidocaine
levels reached therapeutic plasma levels comparable to iv
administration, albeit more slowly, but within minutes.158

Endotracheal administration of 2 mg/kg of lidocaine,
diluted with normal saline to a total volume of 10 ml,
resulted in therapeutic action after 30 seconds.159 One of the
few studies undertaken under CPR conditions was Elam’s
bradycardia/ ventricular standstill model in which ET lido-
caine suppressed premature ventricular contractions
(PVCs) after 11 seconds, while the same dose of IV lidocaine
took 43 seconds.140 The duration of action was 43 versus 17
minutes, respectively. Therapeutic levels were not achieved
in plasma in all animals treated with ET lidocaine.160 In a
human study of 17 patients with ET therapy, 14 were found
to have insufficient plasma levels of lidocaine (below
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1.5 mg/ml), whereas 1 patient had more than the therapeu-
tic value of 5 mg/ml.161

In summary, clinically significant lidocaine levels can be
achieved by ET therapy when a large bolus is administered,
but plasma lidocaine levels are not exactly predictable. The
ILCOR Guidelines 2000 recommended a 2 to 2.5 times larger
bolus endotracheally than intravenously (2–3.2 mg/kg).150

Endotracheal application of other antiarrythmics, e.g.,
amiodarone, is not feasible.

Atropine
Elam found that ET administration of 2 mg of atropine in
10 ml of water produced an ECG-response after 16
seconds, compared to 54 seconds for IV delivery. This effect
lasted for 10 vs. 6 minutes.140 Nevertheless, ET atropine
doses were up to 0.8 mg higher than those given iv. Fifteen
minutes after endobronchial application, atropine levels
were almost four times higher than after IV application. As
a clinical response can be found even with low plasma
atropine levels, the clinical significance of measuring
atropine levels is not clear.

Bray et al.162 administered 0.6 mg of atropine to anes-
thetized patients either iv or ET (1 ml of solution deep
endobronchially followed by five manual hyperinflations).
The maximal increase in heart rate was similar in ET- or
iv-treated patients. The effect of endobronchial atropine
persisted for only 4 minutes in contrast to 9 minutes after
IV application.

A few case reports are available on the ET use of atropine
in human CPR,163 but prospective studies did not demon-
strate any efficacy of atropine.164 In one study with 170
patients in asystole, 43 patients received atropine. Six
(14%) were resuscitated, compared with none of 37
patients in the control group.165

Even though atropine is recommended early in the treat-
ment of cardiac arrest, it is usually not given until 2 to 3
minutes into resuscitation.150 Consequently, in most cases
an iv line will be established when administration of
atropine is considered, and this route should be used.
Alternatively, 2 to 3 mg can be given ET, but few data
support this method of application. Use of atropine for
treatment of bradycardia or heart block, however, is
strongly recommended.150

Sodium bicarbonate
In one study by Bauer in an animal model, as reported by
Elam, inactivation of surfactant by alkalinization rendered
the lung atelectatic. High levels of positive end-expiratory
pressure resulted in circulatory deterioration, and the
endotracheal application of sodium bicarbonate was
discouraged.140

Summary

Whenever possible, iv or io application is favored because
there is no evidence of benefit by endotracheal drug admin-
istration.166,167 In congruence with ILCOR and ERC guide-
lines, we recommend this method of drug administration
duringCPRwheneveranivlineisnotinplacebeforethearrest
and the establishment of other routes is delayed.110,150,157

Intracardiac administration

Advantages

Promoters of this technique have stressed the ease of injec-
tion168 and the low risk.169,170 There are no clinical outcome
data, however, that have demonstrated an advantage for the
IC route over intravascular or ET routes30,171 in spite of the
extensive use of IC routes for CPR over many years.
Administration of drugs to the left ventricle should reduce
the time-to-peak interval to a minimum, but autopsy studies
in 18 cadavers after CPR with 46 intracardiac (IC) injections
(5 subxiphoid punctures) revealed left ventricular puncture
in only 5 (11%) cases. All other injections ended either in the
right ventricule in (28%), the pulmonary trunk, the ascend-
ing aorta, the lung, or were untraceable.172 Thus, in most
instances the effect at best will be similar to central venous
administration. In the few cases of successful left ventricular
injection, this means of drug administration might be super-
ior to administration to the right side of the heart.173

Techniques

Either the subxiphoid or the left sternal approach are com-
monly recommended for intracardiac injections.

Subxiphoid
The subxiphoid injection is considered safer than a
transthoracic injection. A long needle is inserted from 1 cm
left of the xiphoid process at a 20�- to 30�-angle in both the
sagittal and vertical plane, with continuous withdrawal of
the plunger on needle insertion. If no blood appears as the
needle is fully inserted, the needle is withdrawn under
suction and redirected in another angle. No injections
should be performed without prior aspiration of blood, as
it is essential to inject into the ventricular lumen.

Left sternal
In the left sternal approach, the needle is inserted from the
fourth or fifth left intercostal space, immediately left of the
sternum. It should be directed toward the vertebral column
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of the patient. Laceration of the left anterior descending
artery or the internal mammary artery is a special hazard of
this approach.174,175

Complications

Intramyocardial injections of epinephrine or sodium bicar-
bonate inevitably lead to extensive myocardial necrosis.
Interestingly, Forssman’s development of right ventricle
catheterization in 1929 was originally stimulated by the
need to replace IC injections because of the high rates of
laceration of the coronary artery and subsequent hemo-
pericardium associated with the method.14 Because of dif-
ficulties in placing the needle in a ventricular cavity, there is
a possibility for delay.30 In one study, all patients developed
serosanguineous pericardial fluid after ic injections,
whereas patients without this route of drug delivery exhib-
ited almost no pericardial fluid after CPR.176 In that study,
cardiac puncture was documented in only 3 of 65 cases at
autopsy. With right ventricular puncture, there is no self-
sealing as occurs with left ventricular puncture.177 Even
when only a small amount of fluid is present in the cardiac
sac, hemopericardium can further compromise the already
reduced cardiac output.170 Other complications include
pneumothorax,178 pneumopericardium, cardiac tampon-
ade179 and successive death,180 laceration of the myo-
cardium, coronary artery, and internal mammary artery,
intramyocardial injection with ventricular arrhythmia,181

intractable ventricular fibrillation,182 persisting total arteri-
ovenous block after injection into the interventricular
septum,183 and bacterial endocarditis.

Animal studies

Three well-performed studies have been published claim-
ing the superiority of left ventricular injection of epineph-
rine. Showen et al. demonstrated a faster onset of action for
the left vs. the right ventricular route for dogs with pulse-
less electrical activity.184 Left ventricular but not aortic
injection of epinephrine in dogs was superior with respect
to time to reach a 20% increase in heart rate and a 10%
increase in mean arterial pressure, but not in peak mean
artery pressure itself when compared to right ventricular
injection.185 In mongrel dogs, injection of 1 mg of epineph-
rine into the descending aortic arch during CPR resulted in
a doubling of coronary perfusion pressure within 10
seconds, whereas administration to the superior vena cava
was not followed by a detectable change.173 Nevertheless,
this approach is highly impracticable in the CPR setting as
most ic injections result in right ventricular drug deliv-
ery,172 whereas left ventricular catheterization would result

in an unacceptable delay compared to ET or IV routes. In
addition, in another study on dogs, time-to-therapeutic
level in the aorta during CPR was about 30 seconds after
both right and left ventricular injection.58

Human studies

Several older studies in patients with out-of-hospital CPR
have claimed that IC injections can be done with an
acceptable rate of (noted) side effects, but none has
prospectively demonstrated the superiority of this method
over another.169,170,186,187 In one study, as many as 24% of
patients with intracardiac medication developed pneu-
mothoraces, compared to only 3% in the group with iv
therapy.186 Davison et al.170 reported that 31% of patients
developed hemopericardium after ic injection.

Comparisons with intravenous/endotracheal access

In dogs, the time from intracardiac administration of 1 mg
of epinephrine to ROSC was marginally slower than with
peripheral intravenous injection (139�34 vs. 127�76
seconds).30 ET access resulted in a mean time to ROSC of
132�44 seconds when 1 mg of epinephrine was diluted
with water and 217�142 seconds when it was diluted with
saline. The investigators’ conclusion was that “intratra-
cheal (diluted), intravenous, and intracardiac routes are
equally effective.” When central venous administration of
lidocaine in dogs with open-chest CPR was compared to
left ventricular and peripheral venous administration,
there were no differences in the appearance of significant
amounts at the level of the coronary artery ostia.58,106

Recommendations/summary

AHA guidelines indicate that the intracardiac route should
be used during open chest massage or when other routes
are unavailable.188 In our opinion, IV, ET, and intraosseous
routes with well-documented effectiveness have fewer side
effects, and IC injections during CPR should be avoided.

Other routes of drug administration

Oral transmucosal drug absorption (sublingual and
buccal)

Systemic effects are known to occur quickly following sub-
lingual drug administration. Captopril, beta agonists, and
benzodiazepines have all been shown to enter the central
circulation rapidly when placed in liquid form under the
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tongue.189 Several transmucosally administered cardio-
vascular drugs have been studied extensively, e.g., nitro-
glycerin.190 Research on captopril, verapamil, nifedipine,
propafenone, and others has proven promising.191–193

Arnold et al. used intraglossal atropine in a large series of
children undergoing strabismus surgery, and have shown
better effects through this route than through the intra-
venous route.194

Epinephrine
Limited data are available on intralingual administration
of epinephrine. Ordog and coworkers195 used a goat
model to simulate the effect of sublingual injections on
pediatric patients. Sublingual injection of Cardio-Green
in kid goats undergoing internal cardiac massage is asso-
ciated with a tenfold lower central blood level compared
to that after peripheral injection, and the authors recom-
mended obtaining a central line. Rothrock et al. reported
on a 7-month-old successfully resuscitated with intralin-
gual epinephrine and atropine injected into the midline
of the sublingual tissues.196 Redding and coworkers
reported that the injection of 1 mg/1ml of epinephrine
into the tongues of dogs undergoing CPR resulted in
ROSC in only 2 of 10 animals, whereas injection into the
thigh muscles saved 4 of 10 dogs. The mean time from
injection to ROSC was 292 (intralingual) versus 50 (intra-
muscular) seconds.30

Given the ease of administration of epinephrine via the
endotracheal and intraosseous routes, the potential necro-
sis of sublingual tissues, and the limited experience with
intralingual epinephrine, this route cannot be recom-
mended as an alternative for drug administration.

Vasopressin
A synthetic form of vasopressin, desmopressin, has been
used to treat diabetes insipidus. The sublingual route of
administration has been suggested as an alternative to the
usual one via intranasal administration.197 In a study com-
paring pharmacokinetics and biological effects of vaso-
pressin in eight healthy volunteers who were administered
desmopressin by several routes, including sublingual,
bioavailability was found to be 3.4% after intranasal
administration and 0.1% after oral administration.198

De Groot and coworkers assessed the bioavailability and
pharmacokinetics of oxytocin in six male subjects after
sublingual dose of 400 IU (684 	g) and after an intravenous
dose of 1 IU (1.71 	g).199After sublingual administration,
poor bioavailability with 10-fold variation between
0.007%–0.07% was observed. The authors suggested that
the sublingual route of administration with its “long” lag
time and “long” absorption half-life does not seem to

provide reliable, accurate high dosing for immediate pre-
vention of postpartum hemorrhage.

Naloxone
A rapid effect of intralingual naloxone was demonstrated
in dogs by Maio et al.200 Ventilation increased well above
baseline and control levels at 1 minute after administra-
tion. In a human study, Maio et al. reported a reversal of
narcotic-induced respiratory depression in a 25-year-old
man following the administration of intralingual nalox-
one.201 Wasserberger et al. recommended intralingual
naloxone injections only when patients are in shock, have
a systolic blood pressure �80 mmHg, and there is no iv line
or endotracheal tube in place.202

Midazolam
Buccal administration of midazolam has been shown to be
very effective when compared with nasal and rectal formu-
lations. High bioavailability and reliable plasma concentra-
tions after buccal administration of midazolam have been
reported in healthy volunteers by Schwagmeier et al.203 Scott
et al. aimed to determine whether there are differences in
efficacy and adverse events between buccal administration
of liquid midazolam and rectal administration of liquid
diazepam in the acute treatment of seizures.204 They found
the buccal cavity easy to reach safely, and suggest that the
buccal administration of midazolam seems to have some
distinct advantages over rectal administration of diazepam.
Geldner and coworkers205 found plasma concentrations of
midazolam were significantly higher following sublingual
administration compared with nasal administration with
better acceptance by patients.

Intranasal drug delivery

The nasal mucosal surface provides a suitable route for
many drugs with molecular weights �1000.206 Drugs
sprayed into the nasal mucosa are rapidly absorbed by
three routes: the olfactory neurons, the supporting cells
and the surrounding capillary bed, and by the transneu-
ronal route through the cerebrospinal fluid. Transneuronal
absorption is generally slow, whereas absorption by the
supporting cells and the capillary bed is rapid.207

For some drugs, administration by nasal spray results in
a greater CSF-to-plasma concentration than does iv
administration, providing evidence for diffusion of these
compounds through the perineural space around the
olfactory nerves, a compartment known to be continuous
with the subarachnoid space.208,209 In one study, drops were
found to cover the wall of the nasal cavity more effectively
than nasal sprays, independent of the volume adminis-
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tered, while another study reported that both forms were
equally effective.210 Absorption rates are also influenced by
the site of deposition and by concomitant pathologic con-
ditions, such as rhinitis.211

Vasopressin and corticosteroids were among the first
drugs to be administered by this route.212,213 Sedatives,214–216

potent narcotics, and a variety of drugs that are used in
emergency medicine such as ketamine,217 sufentanil, vera-
pamil, metoclopramide,218 nitroglycerin, salbutamol,219

digoxin,220 atropine,221 and anticonvulsants222 have been
employed.

Drug administration

Epinephrine
Early animal studies found that sympathomimetics, such as
adrenaline and ephedrine, did not penetrate the nasal
mucosa of the frontal sinuses of cats and dogs.223 Similarly,
Myers and Iazzetta found no significant changes in heart
rate and blood pressure in humans after intranasal admin-
istration of phenylephrine.224 Shapiro and Grenvik, how-
ever, described a patient with C1 tetraplegia who responded
to nasal phenylephrine,225 and differing results from several
other animal studies have also been published. Yamada
demonstrated that epinephrine plasma concentrations
increased substantially following administration of epi-
nephrine in the nasal septal mucosa:226 the mean peak value
of the plasma epinephrine (20.1�12.4 ng/ml) was obtained
after 15 seconds, and the peak systolic pressure was 200% of
the control value after 60 seconds.

In a dog model of closed chest CPR, intranasal delivery
of epinephrine (28 mg) produced the same increase in
aortic systolic and aortic diastolic perfusion pressures as
did 0.015 mg/kg of iv epinephrine.65 Further studies by the
same group suggested that the optimal combinations of
nasally administered epinephrine and phentolamine to
improve coronary perfusion pressure in a canine model
were 0.25 and 7.5 mg/kg/nostril, respectively.227 In addi-
tion, continuous nasal absorption of epinephrine main-
tained pressures over a prolonged period of time.

Naloxone
Loimer et al. compared intranasal naloxone to other routes
(intravenous/intramuscular) in 17 opiate-dependent
patients and found the nasal route to be as effective as the
iv route.228 In the study by Barton et al., a total of 30 patients
received intranasal naloxone by paramedics in the field: 11
responded to either intranasal or iv naloxone. Ten of these
11 (91%) patients responded to intranasal naloxone alone,
with an average response time of 3.4 minutes and seven
(7/11, 64%) did not require an iv line.229

When intranasal was compared to intramuscular
naloxone for treatment of respiratory depression due to
suspected opiate overdose in the prehospital setting,
intranasal delivery was less effective as than intramuscular
treatment.230

Further research and recommendations

The sublingual/intralingual and the intranasal routes offer
a variety of opportunities for drug delivery, including
bypassing the gastrointestinal tract and first-pass metabo-
lism in the liver. There are, however, no validated studies
addressing the pharmacokinetic and pharmacodynamic
issues, such as optimal injection site, circulation times,
time-to-peak effect, duration of action, and ROSC. Optimal
volume and concentration levels need to be determined.
The nasal route could be important for drugs that are used
in crisis treatments, such as for pain, and for centrally
acting drugs where the putative pathway from the nose to
the brain might provide a more rapid and more specific
effect. Explorations for novel nasal and transmucosal drug
delivery systems, drug carriers and their exploitation for
their administration of drugs are being actively pursued.231

The products developed will first comprise products for
crisis management, such as sleep induction, acute pain,
nausea, and heart attacks.232 Until appropriate studies
have been completed, however, it is advisable not to
administer resuscitation drugs through this route.

Experimental techniques

Several additional routes that are not currently in clinical
use are available for drug administration during CPR. In
animal studies, selective perfusion of the aortic arch has
been shown to improve aortic pressures and carotid artery
flow.233 By occluding the distal aorta with a balloon
catheter and infusing normal saline, the aortic arch to
right atrial pressure gradient increased from 2 mmHg
before infusion to 9 mmHg after 60 seconds. The investi-
gators concluded that solutions that could improve
cardiac and cerebral function can be delivered by this
method. In another study, aortic arch instillation of epi-
nephrine led to greater improvement in coronary perfu-
sion pressures than did administration by superior vena
cava.173 The time to achieve a postarrest systolic blood
pressure of 60 mmHg was shortest for the animals given
aortic epinephrine, and the aortic arch pressure consis-
tently rose within 10 seconds to a plateau after 40 to 60
seconds. ROSC was seen in all eight animals given epi-
nephrine via the aortic arch, and time-to-ROSC was short-
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est with epinephrine given via the aortic arch rather than
via the superior vena cava. In contrast, Rubertsson et al.
found no difference in coronary perfusion pressures or
survival in dogs when 100 	g/kg of intra-aortic or central
venous epinephrine was given combined with aortic
occlusion during experimental CPR.234 When central
venous and left atrial infusion of norepinephrine were
compared in a canine model of cardiopulmonary
bypass,235 there was no difference in hemodynamic effi-
cacy over a wide range of three doses in a model with
normal lungs. In one study by Fullerton’s et al., on aorto-
coronary bypass patients, left atrial administration of epi-
nephrine produced a 35% greater cardiac output, 25%
lower pulmonary artery pressure, and 32% lower pul-
monary vascular resistance than did central venous
administration.236 Cardiopulmonary bypass has been uti-
lized in canine resuscitation models,237 which provides
another mechanism to administer medication to the
central circulation. Notably, these techniques, while inter-
esting, remain experimental and have not been proven
outside of the laboratory at this time.

Summary (Table 33.1)

The choice of route for drug administration during CPR
must be made on an individual basis and requires consid-
eration of the speed with which access can be obtained, the
technical difficulties with performing the procedure, asso-
ciated risk of complications, delays in drug delivery to the
central circulation, duration of effective drug levels follow-
ing their injection, and magnitude of peak drug levels. The
peripheral venous route is the safest method and drug
delivery can be enhanced by saline bolus after medication
injection. Central venous cannulation provides more
direct access to the central circulation, although with some
risk of complications. Circulation time is shortest and drug
concentrations are highest when this route is used. The
femoral route is associated with delays in drug delivery and
a higher incidence of unsuccessful catheterization. Its use
should be reserved for instances when other routes of drug

administration are not available. The endotracheal tube is
a route for administration of most drugs, but peak concen-
trations are lower than those obtained by other routes. The
intraosseous route should be utilized in resuscitation of
children when iv access cannot be obtained promptly.
Intraosseous injection can also be an option in adults.

The ultimate goal of vascular access during CPR should
be to contribute to oxygen delivery to the cardiac and cere-
bral circulation at a sufficiently high pressure to ensure
perfusion. Although almost all administration routes can
deliver drugs to the central circulation, there are only
limited human data comparing the effectiveness of one
route over another and at establishing ROSC. The few avail-
able studies either had limited numbers of subjects or had
not controlled for confounding variables. Even adequate
animal models comparing resuscitation rates among dif-
ferent routes of venous access are lacking. The information
given above can provide some guidelines to aid in the
choice of routes for administration. The goal of future
studies should be to determine which routes of adminis-
tration provide the best opportunity for ROSC. New tech-
niques such as aortic arch perfusion, combined with the
development of resuscitation fluids and medications that
can establish critical coronary and cerebral perfusion,
offer other promising areas for research.

Recommendations

We prefer to initiate drug therapy with the first available
route. In adults this generally means administering endo-
tracheal drugs while peripheral access is attempted.
Endotracheal administration is accompanied by a 10-ml
flush with either saline or water and followed by forceful
hyperinflations. Peripheral catheterization is attempted
during or immediately after intubation. Administration by
this route is followed by a 20-ml saline bolus. If peripheral
access is not rapidly accomplished after intubation, an
attempt is made to cannulate the external jugular vein.
Central venous cannulation is almost always unwarranted
in the acute setting. Very exceptionally, a venous cutdown
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Table 33.1. Cardiopulmonary drugs: routes of administration and recommended dosages

Intravenous/Intraosseous Endobronchial Sub-/intralingual Intranasal

Epinephrine 1 mg 2–3 mg 1 mga Not recommended

Lidocaine 1.5 mg/kg 400–500 mga Not recommended Not recommended

Atropine 1 mg 2.5 mga Not recommended Not recommended

Naloxone 0.4–0.8 mg 1.2–2.4 mga 0.4 mga Not recommended

a Insufficient data, not routinely recommended.



will be needed. Percutaneous cannulation of the femoral
vein has a low success rate but may also be used if no other
route is available. Finally, in the patient with no other
access, medications may be administered by intraosseous
injection.

In children, drug therapy is initiated through the endo-
tracheal tube, while attempts are made to obtain periph-
eral placement. If peripheral access is not obtained within
a few minutes, an intraosseous line is placed. Central
venous and external jugular lines or venous cutdown are
used rarely in children and only when the peripheral and
intraosseous routes cannot be used.

The above constitutes our personal preferences. The
more invasive procedures carry risks that some practi-
tioners would not consider justifiable. Given the lack of
evidence to establish the importance of utilizing a partic-
ular protocol for venous access, it is difficult to argue
against another, less invasive approach. Finally, even more
aggressive approaches exist, such as the use of intraaortic
injection, along with balloon counterpulsation or car-
diopulmonary bypass, but these approaches currently
remain within the investigator’s domain.
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Introduction

Although there is persuasive evidence that the administra-
tion of adrenaline during CPR favors the success of electri-
cal defibrillation as well as the return of pulsatile rhythm,
its more ultimate benefit on survival is unproven. To the
contrary, the more recent discovery of reversible myocar-
dial dysfunction after successful resuscitation from cardiac
arrest initially in experimental models1 and subsequently
in human patients2 led to a re-examination of its role.
Although there is only indirect evidence that impaired
myocardial function accounts for early death, the high cor-
relation between the severity of myocardial impairment
and decreased survival supports this assumption.
Accordingly, postresuscitation myocardial dysfunction
may therefore explain, at least in part, the high fatality rate
within the initial 72 hours after successful resuscitation
from cardiac arrest such that fewer than 5% of victims
recover to be discharged from the hospital without major
impairment.3

The immediate effort during CPR is to restore blood
flows to sustain the functions of vital organs, and most
especially, to the heart and the brain prior to successful
restoration of spontaneous circulation. Blood flow to the
vital organs during CPR is contingent primarily on the
cardiac output generated by precordial or direct cardiac
compression and by the resistance in the systemic arterial
bed. Yet the cardiac output that is generated by precordial
compression represents only approximately 25% to 30% of
normal values.4 Vasopressor drugs increase arterial and
arteriolar vasoconstriction, and thereby produce increases
in aortic diastolic pressure. The increases in aortic dias-
tolic pressure in turn produce increases in coronary and

cerebral perfusion pressures, in part “borrowing” from
blood flow to viscera and muscle.5 Restoration of threshold
levels of coronary perfusion pressure with corresponding
augmentation of myocardial blood flow has been a consis-
tent predictor of successful restoration of spontaneous cir-
culation during CPR.1,6 Electrical defibrillation is itself
facilitated after coronary perfusion pressures are increased
above such thresholds, especially after prolonged,
untreated cardiac arrest.7 Cerebral “survival” in relation to
vasopressor therapy during CPR has been less intensely
studied, but it is also an ultimate criterion of outcome fol-
lowing cardiac arrest. Although the focus of this chapter is
on the role of adrenergic vasopressor agents for resuscita-
tion of the heart, including effects on postresuscitation
myocardial function and survival, we recognize that long
term survival is appropriately defined in terms of both
cardiac and cerebral survival.

Epinephrine

Pharmacological actions of epinephrine are mediated by
adrenergic receptors. Ahlquist first demonstrated in 1948
that epinephrine, and endogenous catecholamines more
generally, act through alpha- and beta-adrenergic recep-
tors.8 In the years that followed, alpha1 and alpha2 subtype
receptors and beta1, beta2, and beta3 subtype receptors
were identified.9 Currently available adrenergic vasopres-
sor agonists are summarized in Table 34.1 in relation to
their receptor function.10

Epinephrine has both alpha- and beta-adrenergic
actions, and has been the preferred adrenergic agent for
the management of cardiac arrest for almost 40 years.11,12

The pressor effects of epinephrine follow alpha-adrenergic
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receptor activation.13–17 Beta-adrenergic effects, which are
inotropic and chronotropic, have unfavorable actions in
that they produce substantial increases in myocardial
oxygen consumption. Epinephrine therefore increases the
severity of ischemic injury of the myocardium during resus-
citation. If the patient is subsequently resuscitated, it
increases the severity of postresuscitation myocardial dys-
function.18,19 The chronotropic effects of epinephrine are
equally striking. They account for both increases in heart
rate and ectopic ventricular arrhythmias leading to recur-
rent ventricular tachycardia and ventricular fibrillation.19,20

Quite apart from its cardiac action, epinephrine also
reduces arterial oxygen saturation and therefore oxygen
delivery. This phenomenon has been studied by our
group, which identified ventilation-perfusion mismatch as
accounting for pulmonary arteriovenous shunting.18

The issue is especially important because during the
chaotic and disorganized contraction of the heart during
VF, there are dramatic increases in the myocardial
demands for oxygen. Human data reported in a paper by
Holmberg et al.21 were based on 14 065 patients during
cardiac arrest. Among 10 966 resuscitated patients, epi-
nephrine had been administered to 4566 or 42.4% of cases,
but only 156 (3.4%) patients survived for 1 month. This
contrasted with 6207 patients who received no epineph-
rine of whom 388 (6.3%) were survivors. Treatment with
epinephrine was an independent predictor of lower likeli-
hood of survival (P � 0.0001), independently of gender,
incidence of arrhythmias, witnessed or unwitnessed
arrest, and bystander CPR. These data are supported by
those of Laurent et al.,22 who reported that administration
of epinephrine was associated with a lower postresuscita-
tion cardiac output in survivors of out-of-hospital cardiac
arrest. Gonzales et al.23 confirmed decreases in end-tidal
carbon dioxide with increased doses of epinephrine, a
finding explained by both pulmonary arteriovenous
shunting produced by epinephrine and decreases in pul-
monary blood flow also observed by our group.18

Objective evidence of the failure of epinephrine to
improve the balance between myocardial oxygen supply
and demand during closed-chest cardiopulmonary resus-
citation in dogs was reported in 1988 by Ditchey and
Lindenfeld.17 The late Dr. Joseph S. Redding in collab-
oration with Pearson in 1963 had already identified poten-
tial benefits of more selective alpha-adrenergic agonists
including phenylephrine and methoxamine when com-
pared to epinephrine.5 In 1990, Roberts et al.24 further
demonstrated that methoxamine, a selective alpha1-
agonist, produced significantly greater myocardial and
cerebral blood flows during CPR in dogs than did epineph-
rine, with more optimal postresuscitation cardiac output
and greater survival.

Beta-adrenergic blocking agents

Studies by Ditchey et al.19 demonstrated improved resus-
citability and better postresuscitation myocardial function
in dogs after pretreatment with a non-specific �-adrener-
gic blocking agent, namely, propranolol.25 Propranolol
has also been shown by Maroko et al.26,27 to decrease
electrocardiographic evidence of ischemic myocardial
cell damage in both experimental and clinical settings.
Ischemic cells had less mitochondrial swelling in propra-
nolol-pretreated animals. Obeid et al.28 reported that pro-
pranolol preserved ATP stores in ischemic myocardium. In
brief, we can now conclude that beta-adrenergic stimula-
tion is adverse to the globally ischemic heart and this
concept applies to the global ischemic injury during
cardiac arrest and resuscitation.

In subsequent animal studies, a short acting beta1-selec-
tive adrenergic blocking agent, esmolol, was administered
during cardiopulmonary resuscitation. Esmolol signifi-
cantly improved initial cardiac resuscitation, minimized
postresuscitation myocardial dysfunction, and increased
the duration of postresuscitation survival.29 Current evi-
dence suggests that there is likely to be an important role
for beta-adrenergic blockade during CPR as it is now used
for routine management of acute coronary syndromes and
acute myocardial infarction.

With special focus on postresuscitation myocardial
dysfunction, major decreases in myocardial contractile
function followed successful restoration of spontaneous
circulation. When the effects of epinephrine were com-
pared with a more selective alpha-adrenergic agonist,
phenylephrine, outcomes of cardiac resuscitation were
improved with phenylephrine.20 In experiments on a rat
model of cardiac arrest and CPR, epinephrine was com-
bined with the beta1-adrenergic blocking agent, esmolol.
Restoration of spontaneous circulation, postresuscitation
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Table 34.1. Adrenergic vasopressor agents in relation to
their receptor function

Agent Receptors

Epinephrine Alpha, beta

Methoxamine Alpha1

Phenylephrine

Clonidine (crosses blood–brain Alpha2

barrier, vasodilator)

Alpha-methylnorepinephrine 

(selective peripheral vasoconstrictor)



myocardial function, and survival were each improved,20

and these benefits were subsequently confirmed in a
cardiac arrest-CPR model in pigs.30

It is now apparent that beta-adrenergic effects of adren-
ergic agonists administered during CPR are detrimental.
Although this is now established in both experimental and
clinical settings of coronary artery disease with regional
myocardial ischemia, there was relatively slow acceptance
of the practice. While epinephrine improves the success
of initial resuscitation attempts, the evidence that it is
adverse to ultimate survival is persuasive to us and that this
dichotomy is best explained by its detrimental effects on
postresuscitation myocardial function cited above. It is
these adverse pharmacological actions of epinephrine that
have increasingly called into question the highly tradi-
tional and widely accepted use of epinephrine as the pre-
ferred adrenergic vasopressor agent for management of
advanced cardiac life support. The current American Heart
Association Guidelines specifically point to the unproven
value of epinephrine.31

Both experimental studies and a small series of clinical
reports first published in the mid-1980s held that as much
as 10-fold higher doses of epinephrine yielded greater
coronary perfusion pressure, myocardial and cerebral
blood flows, and the success rates of initial resuscitation.
Nevertheless, no improvement in long-term survival was
confirmed.32–34 Three large, randomized clinical studies
were subsequently reported in which the effects of high-
dose epinephrine were compared with standard-dose epi-
nephrine on outcomes of CPR.35–37 In one study, either 1-
or 7-mg bolus doses of epinephrine were administered
during both in-hospital and out-of-hospital settings of
cardiac resuscitation. There were no significant differences
in initial return of spontaneous circulation, neurological
outcomes, and hospital survivals. In two additional studies
in which standard and high doses of epinephrine were
compared during out-of-hospital CPR, again there were
no statistically significant differences in the return of spon-
taneous circulation and no difference in in-hospital sur-
vival. On the basis of these reports, the recommended dose
of epinephrine has been maintained as 1.0 mg adminis-
tered intravenously (or by intraosseous route) every 3 to 5
minutes during resuscitation. High-dose epinephrine
(0.1 mg/kg) in adults would best be reserved for treatment
of overdose of beta-adrenergic blocking agents or calcium
channel blockers.11

Alpha1-adrenergic agonists

After the adverse effects of beta-adrenergic agonists on car-
diopulmonary resuscitation were exposed, the more selec-

tive role of alpha-adrenergic receptors with respect to CPR
were explored.The extent to which peripheral vascular resis-
tance, and therefore myocardial and cerebral perfusion
pressure and blood flows, could be increased by alpha-
adrenergic agonists during resuscitation was investigated.
The favorable effects of non-specific alpha-agonists were
confirmed in part.19,20,24 Observations on the relatively selec-
tive alpha1-adrenergic agonists methoxamine and phenyl-
ephrine had earlier indicated diminished effectiveness in
comparison with epinephrine in settings of prolonged
cardiac arrest.38 These observations pointed to selectively
lesser effects, especially on alpha1-adrenergic receptor
responses, in settings of myocardial ischemia.39,40 This loss of
effectiveness was subsequently traced to desensitization of
the alpha1-receptor after prolongation of cardiac arrest.41 It
was also recognized that alpha1-adrenergic receptors reside
in the myocardium and, like beta-receptors, account for
inotropic effects.42 Alpha1-agonists therefore also increased
myocardial oxygen requirements at the very time that supply
was reduced and consequently that they increased the
severity of global ischemic injury during cardiac arrest.
When alpha1-adrenergic receptors were blocked by either a
selective or non-selective alpha-adrenergic blocking agent
when cardiac arrest was induced following experimental
coronary occlusion, myocardial function was significantly
improved.43 Alpha1-adrenergic agonists have also been
shown to constrict coronary arteries such that additional
reductions in myocardial perfusion may be superimposed
on already reduced coronary blood flows.43

Alpha2-adrenergic agonists

After the limitations of epinephrine for management of
cardiac resuscitation were recognized, and specifically
the adverse effects of beta- and to a lesser extent alpha1-
receptor agonists, the role of selective alpha2-adreno-
ceptor agonists was investigated by our group. Three
subtypes of alpha2-receptors are now identified, namely
alpha2A, alpha2B, and alpha2C as shown in Table 34.2.45

Alpha2A-agonists act centrally on the medulla and
mediate a tonic sympatho-inhibitory effect. These central
effects account for reductions in arterial blood pressure,
myocardial contractility, and heart rate. This contrasts
with alpha2B actions which are primarily arterial and
arteriolar vasoconstrictor. Alpha2B subtype receptors are
also present but are less abundant in brain tissue and do
not appear to diminish a predominant peripheral vaso-
constrictor response.46,47 Alpha2C is a third subclass
which, like alpha2A, has a predominant central nervous
system effect, including a so-called stress response, but as
yet it has no defined cardiovascular actions.48 As of the
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present writing, we identify only alpha2 receptors as a
group pertinent to the management of CPR. The potential
roles of individual alpha2 subtypes have not yet been
addressed in these settings.

When alpha2-receptor agonists act centrally and produce
vasodilator effects, they may override peripherally acting
vasoconstrictor effects. Accordingly, only the peripheral
actions are regarded as beneficial for the initial manage-
ment of cardiac arrest. This prompted a search for a
selective alpha2-adrenergic agonist that had peripheral
vasoconstrictor actions and led our group to identify alpha-
methylnorepinephrine (alpha-MNE). Alpha-MNE does not
cross the blood-brain barrier.49 The vasoconstrictor effects
of alpha-MNE were associated with significant improve-
ment in the likelihood of initial resuscitation, better
postresuscitation myocardial function, and increased
postresuscitation survival when tested in a rat model of
cardiac arrest and resuscitation (Fig. 34.1). Alpha2-MNE
produced neither transient hypoxemia nor did it increase
the incidence of postresuscitation ventricular arrhythmias
in comparison with epinephrine. Accordingly, a selective
alpha2-agonist proved to be as effective as epinephrine
for initial cardiac resuscitation and there was evidence
that this occurred without disproportionate increases in
myocardial oxygen consumption, without compromise of
postresuscitation myocardial function, or of survival. More
recent evidence that alpha2-adrenergic agonists increase
endothelial nitric oxide production is also of interest since
such activity would mitigate any alpha2-adrenergic vaso-
constrictor effects on coronary arteries.44 At the time of this
writing, alpha-MNE is not commercially available nor is it
an approved drug in the United States.

The effects of epinephrine on microvascular cerebral
blood flow were more recently reported from studies in
anesthetized pigs. When epinephrine was administered
during CPR, there was a striking decrease in capillary blood

flow but not in the carotid artery flow. Decreases in capil-
lary flow were documented in both sublingual sites50 and
at the surface of the frontoparietal cortex.51 The prelimi-
nary experimental observations indicate surprising disso-
ciation between large vessel and microcirculatory flow. For
the present, we cannot assume that large vessel and,
specifically, arterial blood flow is itself predictive of flow to
sustain microvascular blood flow and delivery of sub-
strates to the capillary exchange beds.

Adrenergic vasopressors compared to vasopressin

The relationships between equipressor doses of epineph-
rine, vasopressin, and epinephrine after alpha1- and beta-
adrenergic blockade have also been examined. Each was
comparably effective for restoring spontaneous circulation
in a pig model of cardiac arrest.51 Combined alpha1- and
beta-adrenergic blockade, however, which represented the
equivalent of administering selective alpha2 vasopressor
agonists, resulted in better postresuscitation cardiac and
neurological recovery. In these experiments, we identified
an adverse effect in the postresuscitation period, by which
vasopressin produced more myocardial dysfunction. This
may be explained by its prolonged action, in which
increases in afterload impose more prolonged increases in
workloads on the stunned heart and after postresuscita-
tion contractile function has already been impaired.

Discussion

A large number of pharmaceuticals were initially recom-
mended for routine use during CPR. Except for selective
management of hypocalcemia, hyperkalemia, heart block,
or other unique mechanisms of cardiac arrest, only agents
that increase peripheral vasoconstriction are of proven
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Table 34.2. Subgroup classification of alpha-adrenergic receptors

Site Action Additional effects

Alpha 1 Arterial Vasoconstriction Early desensitization

Myocardial Inotropic

Coronary Vasoconstriction

Alpha2A CNS (medulla) Vasodilatation Reduced heart rate and 

(Crosses blood-brain barrier) arterial pressure, reduced 

myocardial contractility

Alpha2B Arterial, arteriolar Vasoconstriction

(Does not cross into CNS)

Alpha2C CNS Stress response No overt cardiovascular 

effects



benefit and in most instances only for initial resuscitation.
Adrenergic vasopressors, which increase myocardial
oxygen consumption by their beta and alpha1 actions,
increase ectopic ventricular arrhythmias, and transient
hypoxemia. Although epinephrine may improve initial
resuscitation and return of spontaneous circulation, there
is no secure evidence of improved postresuscitation out-
comes in terms of survival, as cited above. The major
adverse effects are admittedly the inotropic and
chronotropic beta-adrenergic actions of epinephrine.
Although alpha1 and alpha2-adrenergic agonists increase
peripheral vascular resistance and therefore favor myocar-
dial coronary and cerebral perfusion, the inotropic and
chronotropic actions of alpha1-adrenergic agonists also
increase myocardial oxygen consumption. To that extent,

they act much like beta-adrenergic agonists, whereby
postresuscitation myocardial dysfunction is increased.
Alpha2-adrenoceptor agonists that do not cross the blood
brain–barrier are promising. These agonists acting periph-
erally have improved outcomes of CPR, based entirely on
experimental studies, however. In comparison, vaso-
pressin is also effective for initial resuscitation, but its pro-
longed vasopressor action after successful restoration of
spontaneous circulation has potential adverse effects
when it imposes increased workloads on the heart at a time
when work capability is already impaired.

The primary goal of chest compression or open chest
cardiac message is to re-establish the flow of blood to vital
organs until spontaneous circulation is restored to these
organs. Blood flow to the heart itself, and specifically the
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restoration of blood flow to the coronary arteries to sustain
myocardial blood flow, is of predominant import for suc-
cessful restoration of spontaneous circulation. When
adrenergic vasopressor agents produce systemic vasocon-
striction they are intended to increase aortic diastolic pres-
sure and consequently coronary and cerebral perfusion
pressures. We have described in detail the pharmacological
actions of adrenergic agents and how they are mediated
by receptors and specifically alpha, including alpha1

and alpha2, and beta, including beta1, beta2, and beta3.
Epinephrine has each of these adrenergic actions, and was
the predominant adrenergic drug used during CPR for
more than a century. Its primary effect is alpha-adrenergic
vasoconstriction. This contrasts with its beta-adrenergic
actions, which are mildly vasodilatory and more strikingly
inotropic and chronotropic. Beta-adrenergic actions result
in increases in myocardial oxygen demands and consump-
tion, and increases in heart rate and ventricular premature
beats. The beta-adrenergic effects of epinephrine also
account for transient hypoxemia caused by pulmonary
arteriovenous shunting. There is no evidence that epi-
nephrine improves ultimate survival in human victims of
cardiac arrest.

More selective alpha-adrenergic agonists have been
investigated to minimize these adverse beta-adrenergic
effects. Both alpha1- and alpha2-agonists have peripheral
vasopressor actions. Nevertheless, desensitization of
alpha1-adrenergic receptors during CPR may account for
lesser vasopressor potency. In addition, alpha1-adrenergic
receptors in the myocardium, like beta-adrenergic ago-
nists, increase myocardial oxygen demands. Alpha2-
adrenoceptor agonists act in the central nervous system
where they produce vasodilatory effects, but only if they
cross the blood–brain barrier. If an alpha2-agonist does not
have central nervous system access, it produces selective
peripheral vasoconstrictive effects. Experimentally, during
CPR, selective alpha2-agonists that do not gain entrance
into the brain therefore may produce more optimal sys-
temic vasoconstriction. Selective alpha2-agonists have as a
major advantage that they do not increase myocardial
oxygen consumption and thereby increase ischemic injury
during the reduced low flow state of cardiac resuscitation.
Myocardial ischemic injury during CPR is therefore mini-
mized and myocardial function after successful restoration
of spontaneous circulation is better preserved with
improved survival in animals. The issues are of substantial
clinical importance, for clinical studies have as yet failed to
confirm neither an optimal drug nor an optimal dose of
either adrenergic vasopressor amines or vasopressin of
proven benefit for increased survival in settings of cardiac
resuscitation.

These observations prompt re-examination of adrener-
gic agents for routine management of cardiac resuscitation
and invite clinical studies on the patented benefits of selec-
tive alpha2-agonists.
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Basic science

The importance of arterial vascular tone in resuscitation
from cardiac arrest has been described in detail in the pre-
vious chapters of this book.

Efficacy of non-adrenergic pressors

Thereisalongstandingconcernthatadministrationofadren-
aline during resuscitation may result in detrimental effects
during the postresuscitation period. For example, laboratory
studies with adrenaline during cardiopulmonary resus-
citation (CPR) showed increased myocardial oxygen con-
sumption,1 ventricular arrhythmias,2 ventilation–perfusion
defects,3 and postresuscitation myocardial dysfunction.4

Therefore, non-adrenergic vasoactive peptides such as vaso-
pressin hold considerable promise, since they may raise per-
fusion pressure without the�-receptor-mediated side effects
of adrenergic vasopressors. Another intriguing possibility is
that they may act synergistically when administered together
withcatecholamines,andthatconcomitantuseofadrenergic
drugsandnonadrenergicvasoactivepeptidesmayallowlow-
ering of the dose of each agent.

Vasopressin, an endogenous stress hormone

A number of fundamental endocrine responses of the
human body to cardiac arrest and CPR have been investi-
gated in past years,5–8 and are summarized in another
chapter of this book. Circulating endogenous vasopressin
concentrations were high in patients undergoing CPR, and

levels in successfully resuscitated patients have been
shown to be significantly higher than those in patients who
died.5 This may indicate that the human body discharges
vasopressin as an adjunct endogenous vasopressor to epi-
nephrine in life-threatening situations such as cardiac
arrest in order to preserve homeostasis. In a clinical study
of 60 out-of-hospital cardiac arrest patients, parallel
increases in plasma vasopressin and endothelin during
CPR were found only in surviving patients.6 Thus, plasma
concentrations of vasopressin may have a more important
effect on CPR outcome than was previously thought. These
observations prompted several investigations to assess the
role of arginine vasopressin in the management of CPR in
order to improve patient outcome.

Arginine vasopressin physiology

Arginine vasopressin is an endogenous hormone with
osmoregulatory, vasopressor, hemostatic, endocrinologic,
thermoregulatory, and central nervous effects (Fig. 35.1).
The hormone is produced in the magnocellular nuclei of
the hypothalamus, and stored in neurosecretory vesicles
of the neurohypophysis. It is secreted upon osmotic,
hemodynamic, and endocrinologic stimuli. Although only
10%–20% of the total hormonal pool of arginine vaso-
pressin in the neurohypophysis can be readily released, the
time from synthesis to secretion into the circulation is �1.5
hours.9 Once released, the plasma half-life of arginine vaso-
pressin is 5–15 minutes. Dose-dependent clearance occurs
through vasopressinases in the liver and the kidneys.10

The most important hemodynamic signals for secretion
are reduced atrial filling and lower arterial blood pressure.
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Any reduction in blood volume or venous return stimu-
lates secretion of arginine vasopressin via activation of
stretch receptors located in the left atrium and pulmonary
arteries (Gauer–Henry reflex). Activation of baroreceptors
in the aortic arch and carotid sinus further augments
secretion of arginine vasopressin via the glossopharyngeus
and vagal nerves. Baroreceptor stimulation is the primary
and most important mechanism for release of this
hormone in hypotensive states and cardiac arrest.11 In
acute hypotension, there is an exponential relationship
between levels of arginine vasopressin in plasma and the
decrease in arterial blood pressure. Whereas small reduc-
tions in blood pressure (�5–10% from baseline) usually
have only minor or no effect on arginine vasopressin levels
in plasma, a 20%–30% decline in arterial pressure results in
arginine vasopressin concentrations that are severalfold
higher.12 Similarly, volume depletion produces little eleva-
tion in plasma levels of this hormone unless blood volume
decreases by more than 10% and results in diminished
arterial blood pressure.11,13 Nevertheless, secretion of
argin-ine vasopressin can also be directly stimulated by
hypoxia, endotoxin, low concentrations of norepinephrine
and angiotensin, or hypoglycemia.14

Pharmacological effects of arginine vasopressin

Peripheral effects of arginine vasopressin are mediated by
different vasopressin receptors: namely V1a, V1b, and V2

arginine vasopressin receptors. V1a receptors are located on

smooth muscle cells in arterial blood vessels, and induce
vasoconstriction by an increase in cytoplasmic ionized
calcium via the phosphatidyl-inositol-bisphosphonate
cascade.15 On a molar basis, arginine vasopressin was
shown to be a severalfold more potent vasoconstrictor
than were norepinephrine and angiotensin II.16 In contrast
to catecholamine-mediated vasoconstriction, effects of
arginine vasopressin are preserved during hypoxia and
severe acidosis.17

Vascular effects mediated by vasopressin differ sub-
stantially within particular vascular beds, however.
Physiologically, most arterial beds exhibit vasoconstriction
in response to vasopressin.18,19 Vasopressor effects are
strongest in the muscular, adipose, cutaneous, and prob-
ably also the splanchnic vasculature. In a porcine CPR
model, Voelckel et al.20 found a significantly lower blood
flow in the superior mesenteric artery in pigs resuscitated
with arginine vasopressin when compared to epinephrine;
there were no differences in hepatic or renal blood flow.
Similar to oxytocin-mediated paradoxical vasodilatation of
vascular smooth muscle, vasodilatation after arginine vaso-
pressin has not only been described in the pulmonary,
coronary, and vertebrobasilar circulation, but interestingly
also in the mesenteric vascular bed, suggesting a dose-
dependent response.21–24 The underlying mechanisms for
such an arginine vasopressin-mediated vasodilatation
seem to be nitric oxide dependent.22 Russ and Walker
reported that stimulation of V1-receptors can release nitric
oxide, presumably from the endothelium of some vascular
regions.25 There is increasing evidence of hemodynamically
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relevant V1-receptors on cardiomyocytes. In vitro and
animal experi-ments have demonstrated an increase of
intracellular calcium concentration and inotropy after
stimulation of myocardial V1-receptors.26,27

In the kidney, V2-receptors are located on distal tubules
and collecting ducts. Upon stimulation, they facilitate
integration of aquaporines into the luminal cell mem-
brane of the collecting ducts, leading to increased resorp-
tion of free water via an adenylate cyclase-dependent
mechanism.28 Despite its antidiuretic effect, a paradoxi-
cal increase of urine output has been reported during
continuous infusion of arginine vasopressin in patients
with advanced vasodilatory shock.29–31 It is hypothesized
that together with increased renal perfusion pressure,
arginine vasopressin selectively constricts efferent
glomerular arterioles, whereas it dilates afferent vessels,
thus increasing effective filtration pressure in the
glomerulus.29

V1b receptors are located on the anterior hypophysis;
stimulation induces liberation of ACTH and prolactin.32

Accordingly, Kornberger et al.33 reported significantly
higher ACTH and cortisol concentrations in serum from
animals resuscitated from cardiac arrest with arginine
vasopressin when compared to epinephrine. In patients
with advanced vasodilatory shock, however, a continuous
infusion of arginine vasopressin at dosages of 4 IU/h
affected neither serum ACTH nor cortisol concentra-
tions.34 A complex dysfunction of the hypophyseal–
adrenal axis in critical illness may explain the lack of effects
of the potent stimulator arginine vasopressin on ACTH-
producing cells. Nonetheless, arginine vasopressin seems
to be able to promote prolactin excretion by V1b receptor
stimulation. Additional V1b receptors are expressed on pan-
creatic islet cells where they enhance insulin secretion in
the presence of high glycemic levels.35

Arginine vasopressin during CPR in laboratory
models

In a porcine model simulating ventricular fibrillation, a
dose–response investigation of three arginine vasopressin
dosages (0.2; 0.4; 0.8 U/kg) compared with the maximum
effective dose of 200 	g/kg epinephrine showed that
0.8 U/kg of arginine vasopressin was the most effective
drug for increasing blood flow to vital organs and coro-
nary perfusion pressure (Figs. 35.2 and 35.3).36 Cor-
respondingly, arginine vasopressin significantly improved
cerebral oxygen delivery, and mean frequency of ventricu-
lar fibrillation during CPR when compared with a
maximum dose of epinephrine37 (Fig. 35.4). Furthermore,

the effects on vital organ blood flow lasted longer after
administration of arginine vasopressin than after treat-
ment with epinephrine (�4 vs. �1.5 min); significantly
more arginine vasopressin animals could be resusci-
tated.38 The same dose of intravenous and endobronchial
arginine vasopressin resulted in similar coronary perfu-
sion pressures 4 minutes after drug administration.39,40

Intraosseous vs. intravenous arginine vasopressin lead to
comparable levels of arginine vasopressin in plasma,
hemodynamic variables, coronary perfusion pressure,
and rates of return of spontaneous circulation (Fig. 35.5).41

Therefore, the intraosseous route might be a valuable
alternative for administration of arginine vasopressin
during CPR, when intravenous access is delayed, or not
available.

After repeated dosages of arginine vasopressin vs. epi-
nephrine were administered in a porcine model, coronary
perfusion pressure increased only after the first of three
epinephrine injections, but increased after each of three
arginine vasopressin injections; accordingly, all arginine
vasopressin-treated animals survived, whereas all pigs
resuscitated with epinephrine died (Fig. 35.6).42 In the
early postresuscitation phase of the same model, arginine
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vasopressin administration resulted in higher arterial
blood pressure, but a lower cardiac index; a reversible
depressant but not critical effect on myocardial function
by arginine vasopressin was observed when compared
with epinephrine.43 Renal and splanchnic perfusion may
be impaired during44 and after45 successful resuscitation
from cardiac arrest. Arginine vasopressin impaired mesen-
teric blood flow during CPR and in the early postresuscita-
tion phase.20 Neither renal blood flow, nor renal function,
however, was influenced by arginine vasopressin or epi-
nephrine in this investigation.20

In a model of prolonged advanced cardiac life support
(22 minutes), all arginine vasopressin animals had return
of spontaneous circulation, whereas all pigs in the epi-
nephrine and saline placebo group died. Twenty-four
hours after return of spontaneous circulation, the only
neurological deficit of pigs resuscitated with arginine vaso-
pressin was an unsteady gait, which disappeared within
another 3 days. Subsequently performed magnetic reso-
nance imaging revealed no cerebral cortical or subcortical
edema, intraparenchymal hemorrhage, ischemic brain
lesions, or cerebral infarction, indicating that arginine
vasopressin- but not epinephrine-treated pigs recovered
fully from cardiac arrest in both anatomical and physio-
logical terms even after prolonged CPR.46
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Clinical studies with arginine vasopressin during
cardiac arrest

In patients with refractory cardiac arrest, arginine
vasopressin induced an increase in arterial blood pressure,
and in some cases, return of spontaneous circulation,
where standard therapy with chest compressions, ventila-
tion, defibrillation, and epinephrine had failed.47 In a small
(n�40) prospective, randomized investigation of patients
with shock-refractory out-of-hospital ventricular fibrilla-
tion, a significantly larger proportion of patients treated
with arginine vasopressin were successfully resuscitated
and survived for 24 hours compared with patients treated
with epinephrine.48 In 1999, a Chinese study group
reported a prospective, randomized trial comparing two
different dosages of arginine vasopressin and two different
dosages of epinephrine in 83 patients with in-hospital
cardiac arrest. Their findings indicated that high-dose argi-
nine vasopressin (1 IU/kg) significantly increased the rate
of return of spontaneous circulation, and improved the sur-
vival rate compared with standard (1 mg) and high dosages

(5 mg) of epinephrine.49 In a large (n�200) in-hospital CPR
trial from Ottawa, Canada, comparable short-term survival
was found in both groups treated with either arginine vaso-
pressin or epinephrine, indicating that these drugs may be
equipotent when response times of rescuers are short.50 In
another clinical evaluation in Detroit, Michigan, 4 of 10
patients responded to arginine vasopressin administration
after �45 minutes of unsuccessful advanced cardiac life
support, and had a mean increase in coronary perfusion
pressure of 28 mmHg.51 This is surprising, because an
increase in arterial blood pressure with any drug after such
a long period of ineffective CPR management is expected to
be minimal.

From June 1999 to March 2002, we conducted a large
multicenter trial in Austria, Germany, and Switzerland,
and randomized 1219 out-of-hospital cardiac arrest
patients to be treated with epinephrine or arginine vaso-
pressin52 (Fig. 35.7). Hospital admission and discharge
rates were comparable between treatment arms for
patients with ventricular fibrillation and for pulseless elec-
trical activity, but patients with asystole were more likely
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Fig. 35.5. Intravenous vs. intraosseous vasopressin during CPR. Individual coronary perfusion pressure

tracings after intravenous (�) and intraosseous (�) vasopressin administration during CPR. No

statistical analysis was performed for this figure. Some tracings may be superimposed on each other;

defibrillation was performed approximately at 5 min and 15 s after drug administration. (From ref. 41.)



to survive when primarily treated with arginine vaso-
pressin (Table 35.1, Fig. 35.8). If patients could not be suc-
cessfully resuscitated with two injections of arginine
vasopressin, however, additional epinephrine significantly
improved hospital admission (p�0.002) and discharge
rates (p�0.002) when compared to epinephrine-treated
patients (Table 35.2, Fig. 35.9). There was no difference in
cerebral performance between groups for the entire trial.

These results did not confirm earlier data suggesting
that arginine vasopressin was more effective than epi-
nephrine as a first-line vasopressor drug in the treatment
of ventricular fibrillation, pulseless electrical activity, or
asystole.36–38,46,48,53 Criticism has been raised that arginine
vasopressin may improve coronary and cerebral perfusion
pressures during CPR with refractory ventricular fibrilla-
tion and pulseless electrical activity, but not outcome.
Unfortunately, we are unable to state whether this phe-
nomenon may be similar to the observations described
with high-dose epinephrine during CPR, when increasing
epinephrine dosages were effective in the laboratory,54 but
not in clinical practice.55 It is clearly a virtually impossible

problem to extrapolate laboratory CPR to the clinical
setting since species differences, comparing diseased
patients with healthy laboratory animals, or differences in
out-of-hospital CPR compared to laboratory conditions
cannot be controlled adequately.

In contrast to ventricular fibrillation and pulseless elec-
trical activity, in the multicenter study, arginine vasopressin
improved the likelihood of asystolic patients reaching the
hospital alive by about 40% over epinephrine. A possible
explanation may be profound ischemia which is frequently
present in asystolic patients. This is in accordance with a
study in vitro, where it was demonstrated that arginine
vasopressin has vasoconstricting efficacy even in severe
acidosis, when catecholamines are less potent.17 Thus,
arginine vasopressin seems to be more effective than epi-
nephrine in asystolic patients, thereby resulting in better
coronary perfusion pressure during cardiac resuscitation.
Since improved coronary perfusion pressure during CPR
improves survival,56 arginine vasopressin may be a better
option than epinephrine for asystolic patients, who nor-
mally have the worst chance of survival. Also, improvement
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in hospital discharge after treatment with epinephrine
following arginine vasopressin may indicate that interac-
tions among arginine vasopressin, epinephrine, and the
underlying degree of ischemia during CPR may be more
complex than was previously thought. When prolonged
asphyxia had depleted endogenous epinephrine levels and
caused profound ischemia in pigs, arginine vasopressin
combined with epinephrine tripled coronary perfusion
pressure over either epinephrine or arginine vasopressin
alone (Fig. 35.10).57 This suggests that the presence of argi-
nine vasopressin may enhance the effects of epinephrine or
vice versa, especially during prolonged ischemia.57,58

In an in-hospital CPR study reporting comparable
effects of arginine vasopressin and epinephrine, 87%

of arginine vasopressin patients received additional
epinephrine.50 The concept of deliberate administration of
arginine vasopressin combined with epinephrine during
CPR is also supported by clinical observations that epi-
nephrine followed by arginine vasopressin significantly
improved coronary perfusion pressure,51 return of sponta-
neous circulation,47,58 and 24-hour survival rates.59 This
was also confirmed by a retrospective review that com-
pared arginine vasopressin after epinephrine vs. epineph-
rine only, in a subset of patients with out-of-hospital
cardiac arrest who did not respond to immediate therapy
with epinephrine (Fig. 35.11).58

Although half of the survivors in the multicenter study
with good neurological outcome received the combi-
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5967 Patients screened 
for eligibility

4748 Patients without 
inclusion criteria

1219 Patients randomized 
and analyzed

33 Patients with 
missing study drug code
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epinephrine as study drug

Comparison of study 
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drugs and additional 

epinephrine; Table 35.4
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Fig. 35.7. Flowchart of the European multicenter study and analysis. (From ref. 52.)
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Table 35.1. Outcome data of all patients (N�1186), and cerebral performance category of all patients at hospital
discharge (N�115)52

Vasopressin Epinephrine

589 of 1186 (49.7%) 597 of 1186 (50.3%) P OR CI

All cardiac rhythms

ROSC after study drugs 145 of 589 (24.6%) 167 of 597 (28.0%) 0.19 1.2 0.9–1.5

Hospital admission 214 of 589 (36.3%) 186 of 597 (31.2%) 0.06 0.8 0.6–1.0

Hospital discharge a 57 of 578 (9.9%) 58 of 588 (9.9%) 0.99 1.0 0.7–1.5

Ventricular fibrillation

ROSC after study drugs 82 of 223 (36.8%) 106 of 249 (42.6%) 0.20 1.3 0.9–1.8

Hospital admission 103 of 223 (46.2%) 107 of 249 (43.0%) 0.48 0.9 0.6–1.3

Hospital discharge 39 of 219 (17.8%) 47 of 245 (19.2%) 0.70 1.1 0.7–1.8

Pulseless electrical activity

ROSC after study drugs 21 of 104 (20.2%) 17 of 82 (20.7%) 0.93 1.0 0.5–2.1

Hospital admission 35 of 104 (33.7%) 25 of 82 (30.5%) 0.65 0.8 0.5–1.6

Hospital discharge 6 of 102 (5.9%) 7 of 81 (8.6%) 0.47 1.4 0.5–4.7

Asystole

ROSC after study drugs 42 of 262 (16.0%) 44 of 266 (16.5%) 0.87 1.0 0.7–1.6

Hospital admission 76 of 262 (29.0%) 54 of 266 (20.3%) 0.02 0.6 0.4–0.9

Hospital discharge 12 of 257 (4.7%) 4 of 262 (1.5%) 0.04 0.3 0.1–1.0

All cardiac rhythms – cerebral performance b

Good cerebral performance 15 of 46 (32.6%) 16 of 46 (34.8%) 0.99 . . . . . .

Moderate cerebral disability 7 of 46 (15.2%) 12 of 46 (26.1%) 0.30 . . . . . .

Severe cerebral disability 9 of 46 (19.6%) 7 of 46 (15.2%) 0.78 . . . . . .

Coma 15 of 46 (32.6%) 11 of 46 (23.9%) 0.49 . . . . . .

European multicenter study.

OR denotes odds ratio; CI, 95% confidence interval; ROSC, return of spontaneous circulation; a lost to follow-up, 11 (1.9%) vasopressin

vs. 9 (1.5%) epinephrine patients; b lost to follow-up, 11 (9.6%) vasopressin vs. 12 (10.4%) epinephrine patients; . . ., not calculated; 

P values are not adjusted for multiple comparisons.
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Fig. 35.8. Hospital-discharge of all patients (n�1186) of the European multicenter study. (From ref. 52.)



nation of arginine vasopressin and epinephrine, this
strategy also resulted in more, albeit not statistically sig-
nificant, patients in coma than after epinephrine alone.
This indicates that the combination of arginine vaso-
pressin and epinephrine effectively resuscitated the
heart, but was too late to resuscitate the brain in some
patients. When starting CPR, it is difficult to predict
postresuscitation brain function.60 Although our hospital
discharge rate (9.7%) compares favorably with that in
other reports, 2.2% of our patients had severe neurolog-
ical impairment. Thus, combining arginine vasopressin
and epinephrine improved survival rates, but resulted
in unfavorable neurological outcome in some patients.
In patients treated with arginine vasopressin, unfavor-
able neurological outcome was observed in 5 of 10
patients who were first found to be in asystole or pulseless
electrical activity; in contrast, no asystole or pulseless
electrical activity patient receiving�3 mg epinephrine
had unfavorable neurological outcome since all died
before being discharged.

While an unfavorable ECG diagnosis upon starting CPR,
such as asystole, may be one important surrogate for unfa-
vorable neurological outcome, we should not forget that
duration of ischemia reflects vital organ injury, and the
required vasopressor dosage reflects the organism’s ability
to respond to CPR efforts. For example, both witnessed
cardiac arrest and basic life support within 10 min was
highly significant (p�0.001) in predicting hospital admis-
sion in the European multicenter study. Patients who
needed only one or two injections of the study drugs had a
hospital discharge rate of 19.5%, whereas patients requir-
ing two injections of either one of the study drugs and
additional epinephrine had a hospital discharge rate of
only 4%. A final judgment whether combining arginine
vasopressin and epinephrine is beneficial, especially when
administered earlier, as in our investigation, requires
confirmation in a prospective study, which is currently
under way in France. More than 1500 patients have
already been randomized (PY Gueugniaud, personal
communication, 2005).
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Table 35.2. Outcome data of patients who received vasopressin or epinephrine initially, and subsequently additional
epinephrine (N�732); and cerebral performance category at hospital discharge (N�29)

Vasopressin Epinephrine

373 of 732 (51.0%) 359 of 732 (49.0%) P OR CI

All cardiac rhythms

ROSC 137 of 373 (36.7%) 93 of 359 (25.9%) 0.002 0.6 0.4–0.8

Hospital admission 96 of 373 (25.7%) 59 of 359 (16.4%) 0.002 0.6 0.4–0.8

Hospital discharge a 23 of 369 (6.2%) 6 of 355 (1.7%) 0.002 0.3 0.1–0.6

Ventricular fibrillation

ROSC 58 of 122 (47.5%) 40 of 122 (32.8%) 0.02 0.5 0.3–0.9

Hospital admission 37 of 122 (30.3%) 25 of 122 (20.5%) 0.08 0.6 0.3–1.1

Hospital discharge 13 of 121 (10.7%) 6 of 121 (5.0%) 0.09 0.4 0.2–1.2

Pulseless electrical activity

ROSC 18 of 64 (28.1%) 14 of 56 (25.0%) 0.70 0.8 0.4–1.8

Hospital admission 17 of 64 (26.6%) 10 of 56 (17.9%) 0.25 0.6 0.2–1.4

Hospital discharge 3 of 64 (4.7%) 0 of 55 (0.0%) 0.10 . . . . . .

Asystole

ROSC 61 of 187 (32.6%) 39 of 181 (21.5%) 0.02 0.6 0.4–0.9

Hospital admission 42 of 187 (22.5%) 24 of 181 (13.3%) 0.02 0.5 0.3–0.9

Hospital discharge 7 of 184 (3.8%) 0 of 179 (0.0%) 0.008 . . . . . .

All cardiac rhythms – cerebral performance b

Good cerebral performance 8 of 20 (40.0%) 2 of 5 (40.0%) 1.00 . . . . . .

Moderate cerebral disability 2 of 20 (10%) 2 of 5 (40.0%) 0.17 . . . . . .

Severe cerebral disability 2 of 20 (10%) 1 of 5 (20.0%) 0.50 . . . . . .

Coma 8 of 20 (40%) 0 of 5 (0.0%) 0.14 . . . . . .

OR denotes odds ratio; CI, 95% confidence interval; ROSC, return of spontaneous circulation; a patients lost to follow-up, 4 (1.1%)

vasopressin vs. 4 (1.1%) epinephrine patients; b patients lost to follow-up, 3 (10.3%) vasopressin vs. 1 (3.4%) epinephrine patients; 

. . . , not calculated; P values are not adjusted for multiple comparisons.

European multicenter study.



Limitations of arginine vasopressin during CPR

The promising news about vasopressin CPR studies cannot
disguise the fact that many issues have not been addressed
as of today. For example, there is still lack of large clinical
studies. This may be the reason why a recently conducted
meta-analysis61 did not show statistically significant differ-
ences between arginine vasopressin and epinephrine in

return of spontaneous circulation, hospital admission, and
discharge rates (Tables 35.3–35.5). It is to be hoped that the
ongoing French vasopressin study will answer these ques-
tions decisively.

Further, extrapolating experience with arginine vaso-
pressin from the adult to the pediatric setting is difficult,
and needs to be investigated.62 Preliminary laboratory
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(n�732) had a better long-term outcome compared to patients treated with epinephrine only. Asyst, asystole. (From ref. 52.)

Table 35.3. Meta-analysis comparing vasopressin vs. epinephrine. Death before hospital admission61

Vasopressin Epinephrine Weight RR (random)

Study (n/N) (n/N) RR (random) (95% Cl) (%) (95% Cl)

Lindner 1997 6/20 13/20 35.45 0.46 [0.22, 0.97]

Wenzel 2004 375/589 411/597 64.55 0.92 [0.85, 1.00]

Total (95% Cl) 609 617 100.00 0.72 [0.38, 1.39]

Total events: 381 (vasopressin), 424 (epinephrine)

Test for heterogeneity: Chi2 �3.36, df�1 (P�0.07), I2 �70.2%

Test for overall effect Z�0.97 (P�0.33)

0.1 0.2
Favors vasopressin Favors epinephrine

0.5 21 5 10



evidence suggests beneficial effects of a combination of
arginine vasopressin with epinephrine in asphyxic
cardiac arrest; however, this observation is inconsistent
with reports in a postcountershock, pulseless electrical

activity preparation. Although preliminary experimental
data suggest coronary vasodilatation after arginine vaso-
pressin, this model may not reflect diffuse coronary artery
disease of humans with possibly different physiology of the
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Table 35.4. Meta-analysis comparing vasopressin vs. epinephrine. Death within 24 hours61

Vasopressin Epinephrine Weight RR (random)

Study (n/N) (n/N) RR (random) (95% Cl) (%) (95% Cl)

Lindner 1997 8/20 16/20 41.40 0.50 [0.28, 0.89]

Stiell 2001 77/104 73/96 58.60 0.97 [0.83, 1.14]

Total (95% Cl) 124 116 100.00 0.74 [0.38, 1.43]

Total events: 85 (vasopressin), 424 (epinephrine)

Test for heterogeneity: Chi2 �4.99, df�1 (P�0.03), I2 �80.0%

Test for overall effect Z�0.90 (P�0.37)

0.1 0.2
Favors vasopressin Favors epinephrine

0.5 21 5 10



coronary arteries.63,64 Currently, we do not know whether
arginine vasopressin acts simply as a back-up for the vaso-
pressor epinephrine during life-threatening shock states,
whether arginine vasopressin or epinephrine alone is
better in certain situations, or whether these two hor-
mones have unique adjunct features that we are only
beginning to understand. Better knowledge of these
underlying mechanisms would most likely save many

patients, who at this point in time have relatively little
chance of survival.65

Arginine vasopressin in hemorrhagic shock

In 1990, about 5 million people died worldwide as a result of
injury, and it seems likely that the global epidemic of deadly
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treated with arginine-vasopressin after epinephrine had a better short-term survival compared to patients treated with epinephrine only.

(From ref. 58.)

Table 35.5. Meta-analysis comparing vasopressin vs. epinephrine. Death before hospital discharge61

Vasopressin Epinephrine RR (random) (95% Cl) Weight RR (random)

Study (n/N) (n/N) (%) (95% Cl)

Lindner 1997 12/20 17/20 5.25 0.71 [0.47, 1.06]

Li 1999 30/40 39/43 15.79 0.83 [0.68, 1.01]

Lee 2000 2/5 4/5 0.70 0.50 [0.16, 1.59]

Stiell 2001 92/104 83/96 31.64 1.02 [0.92, 1.14]

Wenzel 2004 521/578 530/588 46.62 1.00 [0.96, 1.04]

Total (95% Cl) 747 752 100.00 0.96 [0.87, 1.05]

Total events: 657 (vasopressin), 673 (epinephrine)

Test for heterogeneity: Chi2 �8.05, df�4 (P�0.09), I2 �50.3%

Test for overall effect Z�0.92 (P�0.36)
0.1 0.2

Favors vasopressin Favors epinephrine
0.5 21 5 10



trauma is only beginning. By 2020, deaths from injury
are expected to increase to 8 million worldwide,66 and
30% of these fatalities will be attributable to uncontrolled
hemorrhagic shock.67 Resuscitation of patients in uncon-
trolled hemorrhagic shock remains one of the most chal-
lenging aspects of emergency care, and trauma patients
with complete cardiovascular collapse have an extremely
poor chance of survival. For example, in a 1993 study of 138
trauma patients requiring cardiopulmonary resuscitation
at the accident scene or during transport, none of the ini-
tially successfully resuscitated patients survived to hospital
discharge.68 Accordingly, prevention of cardiac arrest has
been considered to be the primary goal of trauma care.69

Unfortunately, trauma-related cardiac arrest is only the tip
of the iceberg. Because hemorrhage-induced hypotension
in trauma patients is predictive of frequent mortality and
morbidity, managing prolonged hypotension aggressively
may be equally important.

For hemodynamic stabilization of critically injured
patients with uncontrolled hemorrhagic shock, current
trauma guidelines recommend infusion of crystalloid or
colloid solutions in addition to catecholamine vasopres-
sors. In a large clinical study of penetrating torso trauma,
patients receiving delayed fluid resuscitation had better
survival rates than did those receiving immediate fluid
resuscitation.70 Roberts et al.71 further found no scientific
evidence for the effectiveness of immediate fluid resuscita-
tion in uncontrolled hemorrhagic shock. Also, a Cochrane
review of randomized controlled trials found no evidence
either for or against early or large volume IV fluid adminis-
tration in uncontrolled hemorrhage.72 At present, there-
fore, we have no clearly proven fluid resuscitation strategy
for uncontrolled hemorrhagic shock, and it seems expedi-
ent to consider alternative strategies to prevent immediate
or delayed cardiac arrest in these patients. Moreover,
during the late phase of hemorrhagic shock when cardiac
arrest may occur at any time, replacement of fluids and
blood may become ineffective even when supported by
conventional vasopressors such as norepinephrine.73 In an
experimental shock model in dogs, arginine vasopressin
has been shown effectively to restore circulation in the late
phase of hemorrhagic shock that was unresponsive to
blood replacement and catecholamines.73 Furthermore,
arginine vasopressin enabled short- and long-term sur-
vival in a porcine model of uncontrolled hemorrhagic
shock after penetrating liver trauma (Fig. 35.12)74–77 and
after traumatic brain injury.78 Arginine vasopressin has also
been used in a small number of non-trauma patients with
upper gastrointestinal bleeding and subsequent shock that
was unresponsive to volume replacement.79 In the clinical
setting, positive effects of arginine vasopressin were

observed in some patients with life-threatening hemor-
rhagic shock with collapsing arterial blood pressure, who
did not continue to respond to adrenergic catecholamines
and fluid resuscitation (Fig. 35.13).80–83 Interestingly, all
patients in these case reports received a combination of
vasopressin and catecholamines during the late phase of
uncontrolled hemorrhagic shock, which may be more
effective than either drug alone. This enhancing effect of a
combination of vasopressin and catecholamines is in
accord with our evidencein settings of severe shock such as
cardiac arrest and septic shock.52,57,80,82,84 Furthermore,
these case reports demonstrate that prolonged hemor-
rhagic shock with severe hypotension managed with vaso-
pressin can result in fully conscious patients with intact
cardiocirculatory function and full neurological recovery.
This is in agreement with a case report80 of a patient with
multiple fractures of the pelvis, spine, and legs, as well as a
severe head trauma after a fall from a roof (fourth floor),
resulting in uncontrolled hemorrhagic shock and severe
hypotension that was refractory to massive infusion of
fluids, blood products and norepinephrine. Subsequent
infusion of vasopressin prevented cardiocirculatory col-
lapse, resulted in a stable hemodynamic function, and
enabled emergency surgery. This patient made a full neu-
rological recovery (Fig. 35.13).80

The case reports also provide valuable information,
because the successful treatment of uncontrolled hemor-
rhagic shock with vasopressin was reproducible and
reported by different observers. We believe that in patients
with uncontrolled hemorrhagic shock, infusing vaso-
pressin may be an option for stabilizing cardiocirculatory
function and prevent cardiac arrest. In the absence of ran-
domized controlled trials investigating the role of vaso-
pressin in uncontrolled hemorrhagic shock today, even
the currently limited clinical data available may support
treatment decisions in selected patients who would other-
wise die rapidly. In the future, we need to assess whether
the existing laboratory74–78 and limited clinical data80–83 on
treating uncontrolled hemorrhagic shock successfully
with vasopressin can be confirmed in a randomized con-
trolled clinical trial. In addition, the best timing of appli-
cation and optimal dose of this form of therapy need to be
addressed.

Angiotensin II

Angiotensin II is a potent vasoconstricting octapeptide.
As an intermediary in the renin-angiotensin-aldosterone
system, angiotensin II has received much attention as a
mediator of hypertension and congestive heart failure.

Vasopressin and other non-adrenergic vasopressors 659
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Fig. 35.12. Mean�SD heart rate, mean arterial blood pressure, and total blood loss before, during, and after administration of a 0.4 U/kg

bolus dose, and 0.08 U/ kg/min continuous infusion of vasopressin (closed diamond, continuous line) vs. fluid resuscitation (closed

triangle, continuous line) with 25 ml/kg lactated Ringer’s solution and 25 ml/kg 3% gelatin solution vs. saline placebo (closed square, dotted

line). Uncontrolled hemorrhage� the non-intervention interval after liver injury; experimental therapy�vasopressin or fluid resuscitation

or saline placebo administration without bleeding control; surgical intervention�surgical management of the liver lobe to control bleeding;

fluid therapy� infusion of lactated Ringer’s solution, 3% gelatin solution, and transfusion of blood; BL�baseline; DA�drug administration;

*P�0.05 between groups for differences between all groups during the experimental protocol; §P�0.05 for differences between the fluid

resuscitation, and vasopressin and saline placebo group during the experimental protocol. No statistical comparison was performed after

20 min of experimental therapy because of death of all fluid resuscitation and saline placebo pigs, respectively. (From ref. 74.)



Renin, on secretion by the renal juxtaglomerular cells, cat-
alyzes the cleavage of angiotensinogen to angiotensin I,
which is only a weak vasopressor.85 Angiotensin II is
formed by cleavage of angiotensin I by angiotensin-con-
verting enzyme. Angiotensin II is then converted to
angiotensin III, which stimulates aldosterone release by
the adrenal cortex. Angiotensin II has a very short serum
half-life as it is quickly converted to angiotensin III and
broken down by serum and tissue peptidases.85

Angiotensin II has unique receptors, designated AT1 and
AT2, of which AT1-receptors mediate the vasopressor and
chronotropic effects of angiotensin II.86,87 The second-
messenger system of the AT1-receptor appears to involve
activation of phospholipases C and D leading to increased
inositol phosphates.85,87,88 This increase in inositol phos-
phates increases intracellular calcium and leads to smooth

muscle contraction. The second-messenger system is dis-
tinct from that of the adrenergic system, which utilizes
cyclic adenosine monophosphate (cAMP).

The vascular response to angiotensin II infusion is gen-
eralized vasoconstriction. On a molar basis, angiotensin II
is approximately 30 times more potent than norepineph-
rine.85 It produces a dose-dependent increase in blood
pressure in humans and animals.88–90 It acts in conjunction
with the adrenergic system and vasopressin to maintain
mean arterial pressure during a variety of physiologic
insults, including hemorrhage, sepsis, adrenal insuffi-
ciency, and other hypotensive states.91–95

Angiotensin II has been used experimentally as a vaso-
pressor since the 1950s. The effect of pharmacologic doses
of angiotensin II in the setting of hypotension and shock,
however, has not been well studied. There are case reports
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Fig. 35.13. A 41-year-old woman fell off a roof (height �15 m), and was transported to the next county hospital. Because of an unstable

pelvic fracture, the patient became hemodynamically unstable; therefore, an arterial cannula, and a large-bore central venous catheter

were placed, and four units of packed red cells and coagulation factors were administered, and the patient was airlifted to a university

hospital. After arrival in the emergency room of the level one trauma center, hemodynamic stability could not be maintained despite

massive infusion of fluids and norepinephrine (50 	g/min). The patient had a TRISS score-predicted death rate of 84.9%. An infusion of

vasopressin was then started (10 IU/min), and blood pressure was stabilized, thus allowing emergent angiography and application of a

pelvic clamp. Angiography revealed a ruptured left internal iliac, and left pudendal artery; both blood vessels were successfully coiled

and the patient was stabilized. Subsequent CT scanning revealed an injury pattern consisting of complex facial injuries, subdural

hematoma, diffuse edema of the brain, spine and rib fractures, hemothorax and hemomediastinum, rupture of the right bronchus,

central hematoma of the liver, massive retroperitoneal hematoma, pelvic fractures, open fracture of the left femur, open fractures of both

tibias, and fractures of both ankles, and the right upper arm. The patient underwent several surgical procedures to repair fractures,

developed a systemic inflammatory response and a multiple organ dysfunction syndrome, but was discharged from the critical care unit

to the ward without neurological damage 39 days after the accident. (From ref. 80.)



of use of angiotensin II in individual patients, but no com-
prehensive physiologic assessment. Much of the use of
angiotensin II occurred before invasive hemodynamic
monitoring became routine. The relative contribution of
direct vasoconstriction by angiotensin II compared to
its effects on adrenal catecholamine release was not exam-
ined. The effects of angiotensin II on myocardial blood
flow have been tested in a swine model of cardiac arrest
with open-chest cardiac compressions. After adminis-
tration of angiotensin II, myocardial blood flow was
118 ml/min per 100 g, which is near normal, compared to
56 ml/min per 100 g for the placebo group. Myocardial
oxygen delivery and oxygen-extraction ratio were
improved in the angiotensin II group.96 Cerebral oxygen
delivery and extraction ratios were also improved by
angiotensin II in a porcine cardiac arrest model.97 A
porcine study described the effects of angiotensin II
(50 	g/kg) compared to epinephrine (20 	g/kg), and a
group receiving the two agents in combination.98 All
groups had a significant increase in myocardial blood flow
during CPR following drug administration, but there was a
trend toward higher flows in the epinephrine-treated
animals. Furthermore, both groups that received epi-
nephrine had significantly higher myocardial blood flow
after return of spontaneous circulation when compared
with those treated with angiotensin II.98 Further studies
will be needed to determine whether angiotensin II may
have a role as a vasopressor in the therapy of cardiac arrest.
At this time, clinical evidence is not sufficient to support
use of angiotensin II during CPR.

Endothelin

Endothelin has been identified as a powerful vasoconstrict-
ing hormone secreted by endothelial cells.99–101 DeBehnke
et al.102 reported that compared with endothelin or epi-
nephrine, the combination of endothelin-1 plus epineph-
rine improved coronary perfusion pressure in a canine
model of CPR. It was further shown that endothelin may
significantly improve cerebral perfusion.103,104 Another
porcine model studied the effects of a combination of epi-
nephrine and endothelin.105 Although more animals that
received the combination of endothelin-1 plus epinephrine
had return of spontaneous circulation, fewer animals sur-
vived to 1 or 24 hours.105 This was the result of a marked
vasoconstricting effect of the combination of epinephrine
and endothelin-1 in the doses used. There was a marked
increase in the coronary perfusion pressure, but a dramatic
narrowing of the pulse pressure, and a marked drop in the
end-tidal carbon dioxide level, indicating a marked

decrease in forward blood flow. Results from a canine study
suggested that endothelin-1 may contribute to the failure of
cerebral circulation after cardiac arrest.106

In summary, it had been axiomatic that increased vaso-
constriction during CPR improves coronary perfusion
pressure, and thereby immediate resuscitation success;
however, data indicate that vasoconstriction can be exces-
sive. Postresuscitation left ventricular dysfunction is well
documented, and is difficult to manage in the intensive
care unit. Accordingly, the stunned left ventricle may be
unable to tolerate the increased systemic vascular
resistance immediately after resuscitation and, therefore,
heart failure and malignant ventricular arrhythmias may
occur. Accordingly, use of endothelin during CPR is not
beneficial.

Practice points

CPR

Both angiotensin II and endothelin should not be admin-
istered during CPR. According to the new data from the
European arginine vasopressin study,52 we recommend
administering first, 1 mg of epinephrine followed alter-
nately by 40 IU of vasopressin and 1 mg of epinephrine
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Fig. 35.14. Algorithm according to the new data from the

European arginine vasopressin study.52 We recommend

administering 1 mg of epinephrine first, followed alternately by

40 IU vasopressin and 1 mg epinephrine every 3 minutes in adult

cardiac arrest victims, regardless of the initial ECG rhythm.

(From ref. 52.)



every 3 minutes in adult cardiac arrest victims, regardless
of the initial ECG rhythm (Fig. 35.14).

Hemorrhagic shock
Although promising at present observations made with
arginine vasopressin in hemorrhagic shock and collapsing
blood pressure in the laboratory and in individual patients,
need to be confirmed in future prospective, randomized
clinical trials. In selected patients with massive bleeding
and intractable hemorrhagic shock resulting in collapsing
blood pressure despite advanced trauma life support,
5–10 IU vasopressin may be injected; the cumulative dose
should be titrated according to arterial blood pressure.
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Most cases of sudden cardiac death (SCD) are due to malig-
nant ventricular tachyarrhythmias, such as ventricular
tachycardia (VT) and ventricular fibrillation (VF)(see
Fig. 36.1).1,2 Both VF and pulseless VT require defibrillation
as definitive therapy. If these or other arrhythmias persist
despite basic life support and defibrillation, the current
international advanced cardiac life support guidelines
(ILCOR 2005)3 recommend administration of pharmaco-
logic agents to help stabilize rhythm and restore cardiac
output.

The pathophysiologic substrate of cardiac arrest:
therapeutic implications

The pathophysiology of sudden cardiac death is relevant to
both acute and long-term management. In most instances,
the underlying cardiac pathology is ischemia and coronary
artery disease. For instance, Liberthson and coworkers4

reported that 81% of a series of SCD victims had significant
coronary artery disease. In another series, up to 50% of the
victims of out-of-hospital cardiac arrest had suffered a
recent acute myocardial infarction.5 Although the majority
have a coronary disease etiology, numerous other patholo-
gies can be involved in the genesis of sudden cardiac death,
such as ventricular hypertrophy, cardiomyopathies, con-
genital disorders of ion channels (“channelopathies”), but
also massive pulmonary embolism, as well as coronary dis-
section, and coronary inflammation or embolism to the
coronary arteries. From a clinical perspective, it is appropri-
ate to assume that the cause of sudden death is coronary
artery disease unless circumstances suggest otherwise.

Although the creatine kinase (CK) and its MB fraction may
not be diagnostic of acute myocardial ischemia, cardiac tro-
ponins can identify myocardial ischemic damage and thus
prompt invasive coronary studies, which may make long-
term antiarrhythmic treatment irrelevant. A study by
Spaulding et al.6 demonstrated that even without positive
cardiac markers, significant coronary disease and coronary
occlusions are frequently found in patients with cardiac
arrest. These authors reported that 60 of 84 (71%) patients
they investigated after out-of-hospital cardiac arrest had sig-
nificant coronary artery disease and that 40 patients (47%)
had coronary occlusions – supporting a more general appli-
cation of coronary angiography in this situation. In addition
to acute myocardial ischemia due to coronary artery disease,
hypertrophic or dilated cardiomyopathy are relatively
frequent causes of unexpected malignant arrhythmias.

All antiarrhythmics have the potential to increase the risk
of cardiac arrest; those that affect repolarization are particu-
larly important in this regard, especially if the substrate for
which they are used also involves ion channels. This has
been shown for the Class I sodium channel blocking agents
encainide and flecainide in the CAST study,7 which found a
significant excess mortality in patients with chronic coro-
nary artery disease, mostly due to ventricular fibrillation.
Moreover, Class III drugs that prolong the action potential –
such as sotalol, dofetilide, or ibutilide – can directly cause
torsades de pointes that may then degenerate into ventric-
ular fibrillation.8–13 Whether or not patients have received
antiarrhythmics, channelopathies have to be considered if
no coronary or myocardial abnormality can be identified.
They comprise the congenital long QT syndrome,14 the
Brugada syndrome,15 and other less well recognized
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disorders.16 Not only patients, but also their siblings, should
be investigated if a channelopathy is likely, so that their
genotype and phenotype can be characterized. Other spe-
cific causes for VT/VF and consecutive cardiac arrest are
severe electrolyte abnormalities that are of particular risk in
individuals who are vulnerable for other reasons.

Non-cardiac causes that lead to cardiac arrest are usually
associated with electromechanical dissociation, which is

the most profound form of pulseless electrical activity,
rather than to ventricular fibrillation or fast and degener-
ating ventricular tachycardia.

Irrespective of the pathophysiology, the patient’s long-
term risk of malignant ventricular arrhythmias needs to
be assessed after hemodynamic stabilization and success-
ful management of the acute hospital phase. Treatment
with an automatic implantable cardioverter-defibrillator
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(ICD) should generally be considered to be mandatory fol-
lowing a clinical event such as resuscitation from cardiac
arrest. An exception is the acute phase of myocardial
infarction. If VT/VF occurs within the first 48 hours of a
transmural acute myocardial infarction, then the long-
term risk of sudden cardiac death for a given patient is
not increased compared with that in other similar
patients.17–19

Other rhythms during cardiac arrest and
resuscitation

Pulseless electrical activity (PEA) is defined as cardiac elec-
trical activity in the absence of any palpable pulses. It
occurs not only in cases without a primary cardiac cause,
but also in patients with very severe underlying myocardial
disease. If PEA or asystole is seen, or even if bradycardic
rhythms are present, antiarrhythmic agents should be
avoided because of their side effects including negative
inotropic effects and further exacerbation of bradycardia
and asystole. Intravenous administration of atropine (3 mg)
is recommended,3 because its strong vagal blocking effect
offers a clear benefit in bradycardia, and an occasional
apparent beneficial effect in an asystolic patient. Human
studies have failed, however, to demonstrate a system-
atic advantage in cardiac arrest with PEA or asystole.20,21

Similarly, the phosphodiasterase inhibitor aminophylline
has shown some positive clinical effects in asystole, but
cannot be generally recommended on the basis of the avail-
able clinical evidence.22–24

Amiodarone treatment during cardiac arrest and
resuscitation

Amiodarone is an antiarrhythmic drug with multiple
complex actions that may potentiate each other. It is one of
the most powerful antiarrhythmic drugs both at atrial and
ventricular levels. It is highly lipophilic and has a very long
half-life. It prolongs the cardiac action potential and the
QT interval on the surface ECG (Class III in the Vaughan-
Williams classification), and in addition exerts conduction-
prolonging effects (Class I), non-competitive beta-blocking
activity (Class II), and calcium antagonism (Class IV). A
central line should be available for intravenous use,
because the solvent (polysorbate 80) is an irritant as well as
having some antiarrhythmic and negative inotropic activ-
ity of its own.

The amiodarone in resuscitation of refractory sustained
ventricular tachyarrhythmias (ARREST) study,25 was the
first to investigate an antiarrhythmic drug in a double-
blind placebo-controlled trial in the setting of cardiac
arrest. In this study, patients with shock-refractory ventric-
ular fibrillation were given amiodarone or matching
placebo during continued CPR efforts. Three shocks were
delivered before randomization. Survival to discharge was
similar in both groups (13.4% vs. 13.2%, P�NS, see
Fig. 36.2), but there was a highly significant advantage in
survival to hospital admission (44% vs. 34%, P� 0.03).

A second important randomized study, the amiodarone
vs. lidocaine in prehospital ventricular fibrillation eval-
uation trial (ALIVE)26 randomized 347 patients with cardiac
arrest and ventricular fibrillation to lidocaine or amio-

Antiarrhythmic therapy during cardiac arrest 669

70

60

50

40

30

20

10

0

P
at

ie
n

ts
 s

u
rv

iv
in

g
to

 a
d

m
is

si
o

n
 (

%
)

All patients

108/246 89/258 101/205 84/216 7/41 5/42 35/55 22/53 73/191 67/205

33
3841

64

12
17

39

49

34

44

Amiodarone
Placebo

No. Surviving/ 
Total No.

VF ROSC No ROSCAsystole of PEA
converting to VF

Fig. 36.2. The ARREST trial: effect of treatment with amiodarone on survival to hospital admission in all patients and subgroups of

patients. VF�ventricular fibrillation, PEA�pulseless electrical activity, ROSC�return of spontaneous circulation before the study.

(From ref. 25, with permission.)



darone given intravenously. With a primary endpoint of sur-
vival to hospital admission, a clear advantage for amio-
darone was found for the main study population but
also within many subgroups. For example, patients with
asystole recorded as the initial rhythm and ventricular fibril-
lation later showed a benefit similar to patients with ventric-
ular fibrillation as the initial rhythm on the scene. Survival to
admission in the amiodarone-treated patients was 23%
compared with 12% in patients treated with lidocaine (P�

0.009)(see Fig. 36.3). Survival to discharge, however, was
only 5% and 3%, respectively, in the two groups (P�NS). The
results of this study significantly changed the practice of
using lidocaine as the primary antiarrhythmic agent in
patients with cardiac arrest and ventricular fibrillation.

Thus, conclusion from the ARREST and ALIVE trials is
that for refractory ventricular fibrillation the administra-
tion of intravenous lidocaine may be an alternative only if
amiodarone is not available at the resuscitation scene.
Importantly, however, the data do not show a survival
benefit for amiodarone beyond hospital discharge.
Consequently, administration of amiodarone during resus-
citation is considered useful but not mandatory, and the
decision is at the discretion of the emergency physician.
Since data were accumulated in patients with VF refractory
to three shocks, they may not apply to VF resistant to a
single shock. The 2005 ILCOR consensus3 recommends
amiodarone as a possible and useful antiarrhythmic agent
in shock-refractory VF. Lidocaine, however, is not recom-
mended in the consensus document.

The administration of amiodarone or other antiarrhyth-
mic agents should not interfere with other CPR efforts.
In addition to the advantages shown in the randomized
studies, amiodarone may have theoretical advantages in
cardiac arrest patients. First, it has no negative inotropic
action in contrast to Class I antiarrhythmic agents
(although its solvent does); and secondly it is not a
vasodilator, unlike procainamide, for example.

Treatment with other antiarrhythmic agents

Lidocaine

Lidocaine is an antiarrhythmic agent with Class Ib
action that prolongs conduction and has a membrane-
stabilizing effect without a major influence on the cardiac
action potential. Because of its ease of administration, its
rapid onset and short action, and a good side effect profile,
it was previously considered the antiarrhythmic agent of
first choice in patients undergoing resuscitation from
cardiac arrest due to ventricular fibrillation. This widely

accepted practice was first questioned by a meta-analysis
of a number of previous studies of lidocaine in this
setting.27 In a subsequent study by Weaver et al.28 199
patients with prehospital cardiac arrest due to ventricular
fibrillation were randomized to lidocaine 100 mg vs.
adrenaline (epinephrine). Initial resuscitation and dis-
charge alive from the hospital were not significantly dif-
ferent in this study. Interestingly, the number of patients
discharged from the hospital alive was higher if no phar-
macologic therapy was administered between repetitive
defibrillation shocks in these patients.

Procainamide and bretylium

Because procainamide is an antiarrhythmic agent that
prolongs action-potential activity (class III of the Vaughan
Williams classification), it should not be given in addition
to amiodarone. Another disadvantage is that it can only be
infused slowly at a rate of 30 mg/min. Although pro-
cainamide has major antiarrhythmic activity, clinical evi-
dence is at best anecdotal and not nearly as strong as that
for amiodarone. Previously the guidelines recommended
procainamide as an alternative agent if amiodarone is
unavailable, but the new ILCOR consensus3 no longer
includes it. Similarly, bretylium (also with class III antiar-
rhythmic action), which had been widely used in the
United States for the treatment of ventricular fibrillation is
no longer recommended for lack of favorable evidence.

Intravenous administration of magnesium

Magnesium plays a role in many enzyme systems, for neu-
rochemical transmission, and for myocardial contraction.
The acute administration of intravenous magnesium may
therefore exert a number of beneficial effects in the patient
with VT/VF. There is a direct beneficial effect on afterdepo-
larizations associated with QT prolongation that can pre-
cipitate torsades de pointes type of arrhythmias, and in
arrhythmias caused by digitalis toxicity. There may also be
stabilizing effects in arrhythmias due to hypokalemia and
hypomagnesemia, both of which occur quite frequently in
resuscitated patients. The only transient side effect may be
hypotension. In several controlled and randomized trials in
the cardiac arrest setting, magnesium has failed, however, to
demonstrate a clear-cut clinical advantage except for one
study in shock-refractory VF29–32. Therefore, the new ILCOR
consensus3 recommends intravenous magnesium only for
torsades de pointes arrhythmias, in arrhythmias due to dig-
italis toxicity, and in VT/VF that is shock-refractory or due to
possible hypomagnesemia.
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Effects of concomitant adrenaline and
vasopressin treatment

Vasopressor agents such as adrenaline or vasopressin,
which may be used concomitantly with antiarrhythmics,
may influence their efficacy or have proarrhythmic effects.
Notably, high dose adrenaline does not compare favorably
with conventional doses when given for cardiac arrest
outside the hospital.33 These data should be considered
together with the study by Weaver et al.28 that showed no
benefit from adrenaline or lidocaine treatment during
cardiac arrest. Since patients receiving no drugs showed
improved survival, it was concluded that the delay in resus-
citation efforts caused by drug preparation and drug
administration was detrimental.

A recent randomized study by Wenzel et al.34 compared
the effect of intravenous vasopressin and intravenous
adrenaline in 1219 patients with prehospital cardiac arrest.
Overall, there was a similar survival in the two groups; but in
a post-hoc subgroup analysis of those with asystole, survival
to admission (29% vs. 20%) as well as survival to discharge
(4.7% vs. 1.5%) was significantly improved by vasopressin
compared with adrenaline. Furthermore, if patients were
treated with additional non-randomized adrenaline after

the trial vasopressin, there was also a survival benefit both
to admission (26% vs. 16%, P�0.002) and survival to dis-
charge (4.7% vs. 1.5%, P�0.002) suggesting that the combin-
ation of the two drugs is potentially useful.

Vasopressin is a non-adrenergic vasopeptide with signifi-
cant vasoconstricting activity that might be responsible for a
lower incidence of arrhythmias during resuscitation efforts.

Cardiac arrest and resuscitation in ICD patients

Although the ICD was designed specifically to detect and to
provide immediate treatment for malignant ventricular
arrhythmias, these devices cannot prevent their occur-
rence.35 Even when they are in place, repetitive arrhyth-
mias may be associated with a high mortality,36 and
therefore immediate antiarrhythmic treatment and admis-
sion to an intensive care monitoring unit is justified before
cardiac arrest and the need for resuscitation is reached.
The term “electrical storm” or “arrhythmic storm” has been
defined as a series of two or more shocks for different
arrhythmic episodes within any 24 hours. The situation is
similar to shock-refractory cardiac arrest discussed above.
Generally, intravenous amiodarone is recommended,37–39
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while class I antiarrhythmics may be detrimental. The
administration of beta-blockers has also proved to be
useful if the hemodynamic state permits their use.38

Acute treatment of supraventricular arrhythmias

On rare occasions, supraventricular arrhythmias may play
an important role in cardiac arrest. For this reason, the 2000
guidelines called for cardioversion of patients with narrow
complex supraventricular tachycardia at a rate of more
than 250 bpm. Such underlying rhythms may be explained
by atrial flutter with 1:1 conduction to the ventricles, by fast
AV reciprocating tachycardias in patients with accessory
pathways, and by fast AV nodal reentry tachycardias. In the
absence of a bypass tract, atrial fibrillation is unable to gen-
erate such rapid ventricular rates. No definite rate, however,
is set as a marker in the European Resuscitation 2005 guide-
lines:40 the markers of instability relate to consciousness
levels, hypotension, failure, or cardiac pain. Supraven-
tricular arrhythmia may also present as broad complex
tachycardia as a result of aberrant conduction or pre-exist-
ing bundle branch block, and constitute an important dif-
ferential diagnosis to ventricular tachycardia. If a broad
complex tachycardia is seen in an emergency setting with
acute hemodynamic compromise, however, time should
not be wasted in attempting to differentiate between SVT
and VT: instead, ventricular tachycardia should be assumed
and the appropriate algorithm should be followed. If,
however, the rate is less than 250 bpm in suspected SVT and
hemodynamic collapse has not yet occurred, vagal maneu-
vers such as the Valsalva maneuver or carotid massage may
be attempted. Such treatment may terminate the arrhyth-
mia directly or slow the rate and thereby unmask the under-
lying rhythm. If unsuccessful, intravenous adenosine in
increasing doses is the agent of choice and is recommended
in the 2005 consensus document.3 The administration of
adenosine will result in the prompt termination of the SVT
(AVNRT, AVRT) at no major risk because of the short half-
life of the agent, or at least provide a clue to the diagnosis.
As an alternative to intravenous adenosine, the consensus
document also mentions verapamil or diltiazem if adeno-
sine is not successful, and cardioversion if the patient is
unstable. Where the rates of SVT are sufficiently slow to
permit hemodynamic stability, the use of i.v. beta blockers,
digoxin, or amiodarone may also be appropriate.

Summary

Amiodarone has several advantages as an antiarrhythmic
agent for use during cardiac arrest. Importantly, it

improves survival to hospital admission, although it has
not been shown to have a survival advantage to discharge.
Other antiarrhythmic drugs may also be used empirically
on an individual basis. Lidocaine has the advantages of
ease of use and wide availability. Magnesium has beneficial
actions without doing harm and can be useful in some sit-
uations. Procainamide and bretylium have little scientific
support and should no longer be used. The administration
of antiarrhythmics should never be allowed to hinder other
resuscitation efforts. As a vasopressor agent, vasopressin
has the advantage of lack of proarrhythmic activity, but its
role has not yet been well defined.
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Introduction

Both respiratory (hypercarbic) and metabolic acidosis are
important components of cardiac arrest pathophysiology,
and resuscitation measures aim to ameliorate or to coun-
teract their potentially harmful effects. The acid–base
derangements of cardiac arrest and CPR are exceptionally
complicated because of the distinctive kinetics of carbon
dioxide during the low-flow state of CPR. On the basis of
this physiology, far-reaching hypotheses regarding buffer
therapy in general and bicarbonate in particular have been
considered and have profoundly affected clinical practice
for the past two decades. These hypotheses, however, have
not been substantiated by firm published data, resulting in
rather ambiguous official recommendations and an
atmosphere of uncertainty in the field.

The main objectives of this chapter are to discuss the
complicated acid–base derangements of cardiac arrest and
CPR and their effects on critical body systems, and to
clarify ambiguities regarding buffer therapy.

The discussion in this chapter is limited to acid–base
considerations in the context of cardiac arrest and CPR, and
not in other contexts of metabolic acidosis, such as hypoxia
with adequate tissue perfusion, shock, or ketoacidosis.
Despite some similarities, the pathophysiology of these
conditions differs markedly from that of cardiac arrest and
direct extrapolation might lead to erroneous conclusions.

Historical perspectives

In their original 1961 “Report of Application of External
Cardiac Massage in 118 Patients”1 Jude, Kouwenhoven and

Knickerbocker wrote: “Continued cardiac arrest, even
though the circulation is artificially maintained, will result
in metabolic acidosis. Sodium bicarbonate is beneficial in
maintaining blood pH close to the normal value . . .” Since
the accompanying metabolic acidosis was believed to be
detrimental to outcome, sodium bicarbonate (SB) – the
prime representative of buffer therapy – has become part
of the basic therapeutic armamentarium of modern CPR.
Subsequently, SB was introduced in 1974 as a first line drug
in the first Standards for Cardiopulmonary Resuscitation
and Emergency Cardiac Care of the American Heart
Association.2

Reservations about the necessity, efficacy, and side
effects of SB and a newly drafted hypothesis on the kinetics
of carbon dioxide in very low-flow states resulted in a rather
drastic change towards the use of SB in the 1986 update of
the Standards and Guidelines for CPR and ACLS.3 The “low-
flow state” hypothesis postulated that the very limited
tissue perfusion generated by external cardiac massage is
insufficient to transport all of the CO2 produced from the
tissues to the lungs. Hence, CO2 remains “trapped” at the
tissue level, and tissue perfusion – rather than alveolar
ventilation – limits its elimination. It was further hypothe-
sized that the administration of “CO2 producing” buffers,
such as SB, will further increase tissue CO2 concentrations,
and CO2 molecules will rapidly diffuse into the cells, cause
“paradoxical” intracellular acidosis and thus might worsen
CPR outcome.3–7 This attractive, although (at best) only par-
tially substantiated hypothesis, prompted the 1986
Guidelines no longer to recommend the use of SB, but
rather left its use to “the discretion of the team leader”.3

This approach was only slightly modified in the 1992
version of the AHA ACLS Guidelines8 and by the 1998
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European Resuscitation Council Guidelines.9 The 2000
International ACLS Guidelines did not offer any new dis-
cussion of buffer therapy and this section was basically
copied from the 1992 version.10

Thus, the 2000 Guidelines regarding buffer therapy
state: “In certain circumstances, such as patients with pre-
existing metabolic acidosis, hyperkalemia, or tricyclic or
phenobarbitone overdose, bicarbonate can be beneficial.
After protracted arrest or long resuscitative efforts, bicar-
bonate possibly benefits the patient. However, bicarbon-
ate therapy should be considered only after confirmed
interventions, such as defibrillation, cardiac compression,
intubation, ventilation and vasopressor therapy, have
been ineffective”.10

Acid–base changes during cardiac arrest and CPR

Definitions of acid–base changes

Acidity of the blood (and of other body fluids) is custom-
arily expressed as pH, which represents the negative
logarithm of the measured hydrogen ion, or proton, con-
centration [H�]. [H�] can also be conveniently expressed
in nanomoles (10�9 mol) per liter. Normal values of arter-
ial pH and of [H�] are 7.42�0.04 and 40�4 nmol/l, respec-
tively. Any increase in measured blood [H�] (i.e., a decrease
in blood pH value) is termed acidemia, and any decrease in
blood [H�] (i.e., an increase in its pH) is termed alkalemia.
Acidosis and alkalosis are the processes that change hydro-
gen ion concentrations: acidosis will increase, whereas
alkalosis will decrease [H�].

Respiratory processes change [H�] through changes in
carbon dioxide concentrations (conveniently expressed as
PCO2). Thus, any increase in PCO2 (normal arterial values
are 40�4 torr) will be interpreted as respiratory acidosis,
and any decrease in PCO2 as respiratory alkalosis.

Metabolic changes in [H�] are mediated through changes
in fixed (non-volatile) acids or bases. Conventionally, meta-
bolic processes are assessed by the readily calculated value
of bicarbonate ion concentration [HCO3

�]. Such a straight-
forward assessment is inaccurate, however, since [HCO3

�] is
also directly influenced by changes in PCO2. According to
the formula

every molecule of CO2 that reacts with H2O will produce
one ion of HCO3

� (and one H�). This represents a respi-
ratory, rather than a metabolic, change in HCO3

�. Several
methods were devised to dissociate the respiratory
effects from the “true” metabolic effects on HCO3

�, one

CO2 � H2O ↔ H2CO3 ↔ H� �  HCO3
�

of which is the calculation of base excess (BE).11,12

Although BE has been recently criticized,13,14 it can be
conveniently used in the cardiac arrest/CPR scenario as
it is automatically calculated with every blood gas analy-
sis. “Normal” BE is 0�2 mmol/L: a positive BE denotes
metabolic alkalosis and a negative BE (“base deficit”)
denotes metabolic acidosis.

Nature of acidosis of cardiac arrest and CPR and
its rate of development

CO2 and lactic acid are the predominant determinants
of extra- and intracellular pH during CPR. Extracellular
HCO33

� (such as  NaHCO3 intravenously) increases intracel-
lular pH only after some delay because of its slow distribu-
tion by low blood flow and the transfer time from the blood
into the intracellular space.

Metabolic (lactic) acidosis in the cardiac arrest setting

At what rate does significant metabolic (lactic) acidosis
develop during arrest and CPR? This question is not acad-
emic as it has a direct impact on the issue of buffer therapy
and its timing.

The development rate of lactic acidosis depends on both
severity and duration of tissue hypoxia. During circulatory
arrest, acids remain confined to the tissues, and will not be
detected in peripheral blood.15–18 Only after the establish-
ment of at least some tissue perfusion by CPR or after
return of spontaneous circulation (ROSC), will acidemia be
detected in peripheral blood.15–18 The magnitude of the
detected acidemia depends on the degree of tissue acido-
sis, the rate of acid washout, and the timing of blood sam-
pling. These complicated dynamics partly explain the
marked variability in the reported data about both severity
of metabolic acidosis and the effectiveness of buffer
therapy in treating it.15

Retrospective clinical studies reporting acid–base data
are difficult to interpret as major variables, such as “down-
times,” location of arrest, duration and quality of CPR,
buffers administration, and timing of blood sampling,
were not controlled. During in-hospital resuscitations
with relatively short response times, rapid increases in
serum lactate19 and in the metabolic component of acido-
sis20 were observed. Serum [HCO3

�] of 14–15 mmol/l and
[H�] of 68–85 nmol/l were found in patients undergoing
CPR in the emergency department, even though most
patients received large bicarbonate doses within
10 minutes of CPR.21 Children presenting to the emer-
gency department in respiratory or cardiac arrest had
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initial mean arterial pH values of 7.05 and base deficits
of –15 mmol/l in survivors, and 6.94 and –18 mmol/l,
respectively, in non-survivors.22

More rigorous data were provided by controlled labora-
tory experiments. pH values�7.10 and base deficits of
–17 mmol/l were demonstrated after 10 minutes of ven-
tricular fibrillation (VF) and 5 minutes of CPR.17 Serum
base deficits increased by 1.1 to 1.5 mmol/l for every
minute of circulatory arrest.17,18,23,24 Arterial lactate
increased by 0.3 mmol/l for every minute of cardiac arrest
and CPR when epinephrine was used,17,24 and by almost
0.6 mmol/l when epinephrine was not used.23 In the fib-
rillating heart, myocardial lactate concentrations, as
reflected in great cardiac vein blood, increased approxi-
mately three times faster than systemic lactate concentra-
tions.16,23,25 Myocardial lactate increased about tenfold in
10 minutes of untreated VF.26

Carbon dioxide and acid–base physiology during the
low-flow state of ACLS

In 1976, Bishop and Weisfeldt27 showed in a canine model
that arterial pH could be maintained at approximately
normal levels during the initial 13 minutes of cardiac arrest
and CPR with hyperventilation to a PaCO2 of around 15
torr. Similarly, Sanders et al.28 documented almost normal
arterial pH during the initial 18 minutes of ventricular fib-
rillation (VF) and CPR by hyperventilating dogs to PaCO2

values of 10 to 18 torr.
Subsequently, Weil and his group highlighted the excep-

tional acid–base and carbon dioxide dynamics during the
very-low-flow state of CPR. In a porcine model, Grundler
et al.5 demonstrated that arterial pH remained alkalemic
during 11 minutes of cardiac arrest and CPR by maintain-
ing PaCO2 of 20–23 torr. Nevertheless, mixed venous blood
disclosed pH values lower by 0.27–0.3 units compared to
prearrest and to the concurrent arterial values. These dif-
ferences were mainly due to increases in venous PCO2,
resulting in widening of the veno-arterial PCO2 differences
to 34.2–39.4 torr.5

The same investigators supported these experimental
findings with clinical observations in a group of 16 patients
during CPR.29 Over a median interval of 23 minutes from
onset of cardiac arrest and blood sampling, the patients
received on average 130 meq of SB. At the time of sampling,
arterial pH and PCO2 averaged 7.41 and 32 torr, respec-
tively, while mixed venous pH and PCO2 averaged 7.15 and
74 torr, respectively. Calculated bicarbonate concentra-
tions were equal in arterial and venous samples. Thus,
arterial blood tended towards alkalemia and venous blood
showed acidemia.

These findings were explained by the unique physiology
of the “very low flow state”:6,10,29 with normal or moderately
reduced tissue perfusion, CO2 elimination depends only on
alveolar ventilation; whereas under conditions of very low
flow, tissue perfusion becomes the rate-limiting step of CO2

elimination. External chest compressions generate at best
only 25%–30% of normal cardiac output,30,31 insufficient to
carry all of the produced CO2 to the pulmonary circulation.
CO2 remains partly “trapped” at the tissue level, and the
increased tissue PCO2 is reflected as increased venous
PCO2 (Pvco2). Pulmonary blood flow and CO2 transport to
the lungs are very low, as detected by decreased end-tidal
CO2.32–34 The high ventilation:perfusion ratio leads to arter-
ial hypocarbia and to elevated arterial pH,29,35–38 which
further widens the veno-arterial differences. This phenom-
enon of hypercarbic venous acidemia coincident with
normo- to hypocarbic arterial alkalemia was termed the
“arterio-venous paradox.”5,29

This phenomenon was subsequently demonstrated in
other clinical studies39 and in various models of cardiac
arrest and CPR18,23,37,38,40 (Fig. 37.1), and was investigated
thoroughly by Adrogue et al.35,36 The phenomenon was also
observed, but to a somewhat lesser degree, in dogs during
hemorrhagic shock.41,42 In an experimental model of pro-
gressive pericardial tamponade, arterial-venous pH and
PCO2 gradients increased proportionally with the reduc-
tion in cardiac output.43 Venous hypercarbia developed
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during septic shock with systemic hypoperfusion.44–46 By
using tissue electrodes, tissue hypercarbia was demon-
strated during shock in the kidney,46,47 liver, and brain.46 In
the myocardial circulation, cardiac venous PCO2 and the
cardiac venous to arterial PCO2 differences were greater
than were the concurrent systemic differences.16,23,25,48

Of note, however, there is nothing really “paradoxical”
about this phenomenon, and it can be accurately predicted
by the Fick principle.15,40 Tissue and venous hypercarbia are
common pathophysiological phenomena, and basically
characterize any global or regional ischemia.38,40,49 The
magnitudes of the veno-arterial pH and PCO2 gradients are
inversely related to the cardiac output18,38–40 (Fig. 37.1) and
they may actually provide an index of the severity of the
perfusion defect.35,36,38,39,49

Of note, in CPR animal models, markedly increased
Pvco2 and veno-arterial PCO2 gradients were observed
mainly when no epinephrine was used and tissue perfu-
sion pressures were extremely low.5,50–53 When epinephrine
or other measures were used to produce higher perfusion
pressures, Pvco2 increased only moderately.17,54–56

Hypothesis regarding bicarbonate and other
alkalinizing agents in the low flow state

On the basis of these observations, Weil’s group postulated
a far-reaching, encompassing hypothesis regarding buffer
therapy during CPR.4,5,16,29,57 The hypothesis consisted basi-
cally of four consecutive elements: (1) During the very low
flow state of CPR, CO2 elimination is determined mainly by
tissue perfusion rather than by alveolar ventilation. (2) SB
administration will result in excessive carbon dioxide pro-
duction, which cannot be eliminated effectively and will
accumulate in the tissues. (3) As CO2 penetrates cellular
membranes more rapidly than bicarbonate ions, it will
accumulate intracellularly and will paradoxically aggra-
vate intracellular acidosis by enhancing its hypercarbic
(“respiratory”) component. (4) Intracellular (myocardial)
hypercarbic acidosis is detrimental and therefore SB
administration might worsen CPR outcome.3–10,16,29,57,58

In the mid-1980s this hypothesis triggered the contro-
versy around the use of SB and had a profound clinical
impact, causing a sharp decline in the utilization SB in both
out- and in-hospital resuscitations. In the early 1980s, SB
was the most frequently used medication during CPR –
administered to 84.7% of patients undergoing in-hospital
CPR.59 Aufderheide et al. found a 79.9% bicarbonate usage
rate among resuscitated patients in a single emergency
medical service during 1982–1984.60 In a large, multicenter
clinical trial performed between 1989 and 1992, Bar-Joseph
et al. reported that SB was administered in only 54.5% of the

resuscitations,61 and its usage rate by the various study sites
ranged between 3.9% and 98.3% of CPR attempts.62 Levy
et al. audited SB usage for CPR in a single district hospital in
England, and found that it decreased progressively from
1986 to no usage at all by 1991.63

Nevertheless, as will be described later (Buffer Therapy
in CPR), steps 2, 3, and 4 of this far-reaching hypothesis
were not really supported by the available evidence, which
points out that SB either increases or does not decrease
intracellular pH and that it does not worsen CPR outcome.

Role of (arterial) blood gas monitoring during
CPR

Historically, arterial blood gas (ABG) determination during
CPR was recommended, as it may provide information on
the adequacy of ventilation and oxygenation, the magni-
tude of metabolic acidosis, and an indirect estimate of
tissue perfusion. Our current understanding of the patho-
physiology of the low-flow-state, however, has greatly
modified the practical value of ABG determination.

The high pO2 measured in ABGs in patients ventilated
with supplemental oxygen does not reflect tissue hypoxia
and the very low venous pO2.21,23,29,35

Although ABGs accurately reflect “adequacy” of ventila-
tion in arterial blood,64 they do not reflect conditions at the
tissue level, as evidenced by the large differences between
arterial and venous values of PCO2 and pH because of the
low tissue perfusion and the high ventilation:perfusion
ratios characterizing CPR.5,16,21,23,25,29,39

Arterial PCO2 was shown to correlate well with end-tidal
CO2 (EtCO2) which in turn correlates with coronary perfu-
sion pressure – the major determinant of tissue (myocar-
dial) perfusion.65,66 It was therefore thought that PaCO2

could provide an indirect estimate of the perfusion gener-
ated during CPR. Although PaCO2 correlated well with
EtCO2 during CPR in animals,65 it did not correlate well in
humans.67 Furthermore, while in some animal studies
PaCO2 correlated to a certain degree with coronary perfu-
sion pressure,65,68,69 Barton et al.70 failed to demonstrate
such a positive correlation in humans undergoing CPR,
and PaCO2 could not differentiate between resuscitated
and non-resuscitated patients. Thus, ABGs apparently do
not provide a useful estimate of tissue perfusion.

What about metabolic acidosis? We are used to thinking
of serum bicarbonate [HCO3

�] as the marker of metabolic
acidosis. [HCO3

�] changes by 1 to 2 meq/l for every 10 torr
change in PCO2. The markedly elevated venous PCO2,
“elevates” the calculated venous [HCO3

�] and the ar-
teriovenous [HCO3

�] differences are numerically less
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prominent than the PCO2 differences.16,21,23,25,35,40,71,72 This
“respiratory” contribution may be misleading if we regard
[HCO3

�] as the only marker of metabolic acidosis. This
phenomenon was even more prominent in the coronary
venous blood, where despite extreme combined acidosis
(pH 6.62 and 6.75, lactate 7.6 and 8.2 mmol/l) and extreme
hypercarbia (PCO2 177 and 150 torr), the [HCO3

�] values
were 18 and 20 meq/l.25

Base excess (or deficit), on the other hand, provides a
straightforward estimate of the metabolic component of
the acid–base imbalance and it does not vary markedly
between arterial and venous blood.54,73,74 Base excess was
shown to be an excellent predictor of resuscitability in dogs
undergoing CPR.17

Lactate concentrations are equal in arterial and in mixed
venous blood.16,23,25,52,75 Many modern blood gas analyzers
measure lactate concentration. Nevertheless, changes in
blood lactate are also flow-dependent and do not neces-
sarily reflect concurrent tissue concentrations. It should be
kept in mind that the physiologic effects of (metabolic) aci-
dosis are determined by H� ion concentrations and the
lactate anion has no significant physiologic effect. H� ion
concentration is obviously affected by other factors, such
as ventilation, natural buffer systems, and buffer therapy.
Therefore, the clinical applicability of “lactate concentra-
tion” during CPR is rather limited (Fig. 37.2).

Thus, the use of ABGs to monitor or guide therapy during
CPR is of very limited, if any, clinical value, as they do not

reflect tissue hypoxia, pH, or PCO2. The question of
whether the measurement of ABGs has any effect on the
clinical management of CPR or on CPR outcome, however,
was never subjected to a proper clinical trial.

Effects of acidosis on critical organs – is the
acidosis of cardiac arrest detrimental?

This is a highly controversial question. On the one hand,
intuitively and “teleologically,” the answer should be “yes”:
if our organism functions optimally at an extracellular [H�]
of 40 nmol/l, and exquisite mechanisms are utilized to
maintain it within a very narrow range, why should it
be expected to function even better (i.e., resume sinus
rhythm and effective spontaneous circulation) under the
extremely unfavorable conditions of both tissue hypoxia
and much higher acidity? As mentioned, this was the basic
approach during the first 25 years of modern CPR.

On the other hand, researchers have claimed that acido-
sis is not detrimental,76 and may even be protective.7,57,77

This ambiguity is seemingly reflected in the text of
the 2000 Guidelines,8,10 which state that “laboratory and
clinical data fail to conclusively show that low blood
pH adversely affects ability to defibrillate, ability to
restore spontaneous circulation, or short-term survival.
Adrenergic responsiveness also appears to be unaffec-
ted by tissue acidosis.”10 The same Guidelines, however,
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recommend bicarbonate (Class IIa recommendation) for
pre-existing metabolic acidosis and upon return of spon-
taneous circulation78 – apparently because metabolic
acidosis is considered harmful. Furthermore, the postula-
tion that bicarbonate paradoxically worsens intracellular
acidosis (and therefore outcome) is obviously based on
the premise that acidosis is harmful and will impede
resuscitation.

The ambiguity surrounding the potential detrimental
effects of acidosis in CPR has several sources. One is the
inability to differentiate precisely the detrimental effects of
hypoxia from those of acidosis. Second, attempts to resolve
the issue in experimental studies by comparing the effects
of buffers to those of placebo yielded equivocal results, as
they depend largely on the model and study design (see
below, under “Buffer therapy in CPR”).

The following discussion of the effects of acidosis in
cardiac arrest and CPR will concentrate mainly on the two
major “target organs” – the heart and the brain.

Cardiac acid–base changes

Myocardial acidosis

During CPR, anaerobic myocardial metabolism generates
hydrogen ions, CO2, and lactate. Myocardial CO2 accumu-
lation stems from local CO2 production, dissociation
of endogenous myocardial bicarbonate when buffering
anaerobically generated hydrogen ions, and from reduced
clearance of CO2 due to low blood flow. Therefore, intramy-
ocardial CO2 (PmCO2) increases when coronary blood flow
(CBF) is impaired and is negatively correlated to the coro-
nary perfusion pressure (CPP) during CPR (Fig. 37.3).

Capparelli et al.23 and Gudipati et al.48 demonstrated that
changes in the cardiac venous pH and PCO2 are much
more prominent than the concurrent changes in mixed
venous blood. After 5 minutes of VF and 7 minutes of CPR,
great cardiac vein pH declined from 7.3 to 6.7 and PCO2

increased from 50 to 140 mmHg with marked increases in
the arterial-coronary vein pH and PCO2 gradients.48 After
ROSC, cardiac venous pH and PCO2 returned to near
normal levels within minutes. It was hypothesized that
such high CO2 levels may reflect an even more profound
acidosis within myocardial tissue.16

This was indeed confirmed by von Planta et al.16 who
used a miniature electrode to measure intramyocardial
tissue pH. Following 3 minutes of untreated VF and
8 minutes of CPR, intramyocardial pH declined from 7.27
to 6.88, and returned to pre-arrest levels 60 minutes after
ROSC.

Subsequently, Kette et al.25 measured both myocardial
pH and PmCO2 in the same model. Myocardial pH
decreased to 7.05 and PmCO2 increased to 97 torr following
3 minutes of untreated VF. Eight minutes after initiation of
CPR, myocardial pH declined further to 6.38 and PmCO2

increased to 346 torr. PmCO2 returned to normal levels 30
minutes after ROSC (Fig. 37.4).

Lactate production is the second cause of myocardial
acidosis. In the same VF models, great cardiac vein lactate
increased approximately three times faster than systemic
lactate.16,23,25,48 Myocardial content of lactate increased
about tenfold by 10 minutes of untreated VF.26

With initiation of chest compressions, a sharp increase
in lactate concentration is observed, reflecting myocar-
dial washout of lactate. Subsequently, cardiac venous
lactate concentrations, as well as PCO2, increase slowly
and tend to reach a plateau.16,25,48,50 Possibly the minimal
perfusion and oxygenation generated by CPR result in
partial aerobic metabolism, mitigating further lactate pro-
duction. That CO2 and H� continue to accumulate in the
myocardium25 supports this possibility of incomplete
myocardial ischemia.

Coronary perfusion pressure, myocardial acidosis and
resuscitability

Myocardial blood flow correlates closely with CPP which is
considered the most important determinant of cardiac
resuscitability.79 CPP levels above 20 mmHg in dogs,80

20 mmHg in rats,81 10 mmHg in minipigs,51,52 and 15 mmHg
in human patients82 predicted outcome. Kette et al. showed
an inverse correlation between CPP and PmCO2, and
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demonstrated a threshold level of CPP and PmCO2 for
ROSC in pigs25 (Fig. 37.3): resuscitated animals had CPP

10 mmHg and PmCO2 �400 torr, while non-resuscitated
animals had CPP �10 mmHg and PmCO2 
400 torr.

Likewise, MacGregor et al.83 demonstrated in a canine
anoxic arrest model, a critical PmCO2 threshold of 416 torr
as predicting failure of cardiac resuscitation.

Effects of acidosis on the heart
Multiple adverse effects of severe acidosis – either hypercar-
bic (“respiratory”) or metabolic – on cardiac function, resus-
citability, and viability were reported and reviewed,84–88

many of them relevant to the cardiac arrest/CPR scenario. It
has been known for well over 100 years that acidosis
decreases cardiac contractility.89 Extensive review pointed
out that acidosis interferes with almost every step in the
excitation–contraction coupling, and that H� metabolism is
intimately linked to the cellular handling of Na� and Ca2�.84

Acidosis can lead to arrhythmias, mainly to slow heart rates,
by interfering with both pacemaker activity and the con-
duction system.88,90 Recently, a direct correlation between
low pH and induction of apoptosis in cardiac samples from
human patients and porcine subjects was reported.91

Assessing the effects of acidosis on CPR outcome in
uncontrolled, retrospective clinical studies is basically
impossible, as the intensity of metabolic acidosis correlates
directly with the duration and magnitude of tissue hypoxia,
which determines CPR outcome. For this reason, the pres-
ence of acidosis or the need for buffer therapy was repeat-
edly found to be associated with worse CPR outcome.92–96

In a prospective clinical trial, Tribonate® failed to improve

survival.97 In a recent post-hoc analysis of the BRCT III trial
data, SB use in association with epinephrine resulted in
better resuscitability and long-term outcomes.62

In the laboratory, the effects of acidosis on hemodynam-
ics, response to epinephrine, and resuscitability depend
largely on the model.98 The effects of metabolic and respi-
ratory acidosis are not necessarily identical. Metabolic aci-
dosis arising from cellular hypoxia during cardiac arrest
differs substantially from acidosis induced by external
administration of acids98,99 or from hypoxic lactic acidosis
with normal circulation.100

Gerst et al. showed that metabolic acidosis lowered the
cardiac fibrillation threshold, whereas respiratory acidosis
had no effect.101 Defibrillation threshold was not affected by
mild (pH�7.25)102 or moderate (pH�7.12)103 respiratory or
metabolic acidosis induced by external administration of
acid, although in the latter study fewer animals with meta-
bolic acidosis resumed spontaneous circulation.103 In iso-
lated, perfused rat hearts, Morimoto et al.104 found that
extramyocardial metabolic acidosis (pH�7.1) decreased
resuscitability and cardiac performance after VF. No hearts
recovered after perfusion below pH 6.5. Mandolano et al.
found that hypercarbic acidosis, induced during reperfu-
sion in a ventricular fibrillation model, reduced early resus-
citability.105 Administration of buffer during CPR improved
resuscitability17,54,55,106 and postresuscitation myocardial
dysfunction.107

Response to catecholamines
Several reports have shown that, in states of acidosis,
the ability of catecholamines to attenuate or reverse the
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contractile impairment induced by acidosis is substan-
tially reduced.108–111

In the cardiac arrest setting, the reports are equivocal:
whereas one study54 found higher systemic and coronary
perfusion pressures in dogs treated with SB during CPR,
others did not show an enhanced vasopressor effect of epi-
nephrine following administration of buffers.17,52,112

These discrepancies may be explained by the model
(spontaneously beating hearts vs. hearts in VF)98, by the
epinephrine dosage, or by the combination of hypoxia and
acidosis. Preziosi et al.113 found that induced metabolic
acidemia had no effect on the hemodynamic response to
epinephrine, but when animals were made hypoxic,
acidemia attenuated the vasopressor response to epineph-
rine, which was restored only after correction of hypoxia.

Acid–base changes and the brain

Since the introduction of modern CPR in the 1960s, sur-
vival with good neurological activity of patients not
responding to early defibrillation remains a most yearned
for, but still unaccomplished goal.

Cerebral tissue pH and bicarbonate, as well as cere-
brospinal fluid pH, decrease sharply after cessation of
blood flow to the brain.114,115 This occurs parallel to
decreases in cerebral tissue pO2, cerebral oxygen metabolic
rate, and cellular adenylate charge (i.e., decrease in ATP
and increase in AMP), and to increases in cerebral tissue
lactate and Pco2.114–116 These processes depend mainly on
the duration of the hypoxic-ischemic event and on its
intensity (i.e., complete cessation of blood flow vs. variable
degrees of low blood flow, such as those generated during
CPR).114,116

An intriguing aspect of the acid–base status of the brain
is concerned with the different permeability characteris-
tics of carbon dioxide and bicarbonate ions through the
blood–brain barrier.117 This relates to the discussion of
acid–base and buffer therapy in CPR, as cerebrospinal fluid
(CSF) acid–base status is thought to represent intracellular
acid–base status. This basic premise, however, may be
wrong.118,119

An excellent review of pH-associated brain injury in
cerebral ischemia and circulatory arrest was published by
Hurn and Traystman.120 Energy depletion is the most criti-
cally damaging event in brain ischemia/hypoxia. Protons
(H�) are generated in large amounts through hydrolysis of
ATP, unbalanced by the normal uptake of H� during for-
mation of new ATP in the creatine kinase reaction, and
through (anaerobic) lactate production.

Intracellular brain pH (pHi) decreases to approximately
6.2 within 6 minutes115,121 and to 6.0 by 10–12 minutes122 of

complete ischemia (circulatory arrest), and extracellular
pH (pHe) decreases generally in parallel to pHi.123

Severe cerebral acidosis enhances ischemic brain
damage,124,125 and these effects are intensified by the
“glucose paradox of cerebral ischemia”:126 as brain metab-
olism depends largely on glucose oxidation, increased
tissue glucose content or continued glucose delivery to
hypoxic, energy-depleted brain tissue exacerbates lactic
acidosis. Originally, Siesjo’s group127,128 showed that a high
blood glucose during hypoxia simultaneously decreased
cerebral tissue pH and the cellular content of ATP, and
Myers and Yamaguchi129 showed that administration of
glucose just before arrest markedly augments the severity
of brain injury and alters its distribution.

It is now well established that hyperglycemia or increased
tissue glycogen stores or the administration of glucose-
containing solutions before, during, or after the ischemic
insult (in both cardiac arrest and stroke models) result in
significantly elevated cerebral lactate and lower tissue
pH. This profound brain acidosis causes reduction of ATP
synthesis and impaired energy metabolism,130,131 endothe-
lial and glial swelling,132 and enhanced brain edema132–134

which hampers postischemic perfusion and recovery of
regional blood flow,132,135,136 and worsens histopatho-
logic damage133,137 and neurological outcome.134,138,139 In
patients, a strong association exists between hyper-
glycemia and poor neurologic outcome following cardiac
arrest140,141 and stroke.142,143

The next question is whether buffer therapy can
enhance recovery of brain acidosis and improve cellular
function and neurological outcome. Restoration of circula-
tion sets the stage for recovery of pHi and pHe by removing
accumulated CO2 and lactate and by providing oxygen to
promote oxidative phosphorylation and ATP produc-
tion.144 ATP reactivates energy-dependent transmembrane
ion exchange mechanisms, particularly H� extrusion by
Na�/H� exchange.145 This high capacity antiporter system
is operating below its maximal capacity when pHe is very
low, as H� competes with Na� at the external side of the
exchanger. Thus, measures that reduce pHe are expected
to facilitate normalization of pHi.145,146

Buffers were shown to correct cerebral acidosis in
various CPR models.68,146–148 Using a pH/PCO2 electrode,
Liu et al.148 confirmed that the profound acidosis develop-
ing during circulatory arrest was associated with a rapid
increase of cerebral tissue PCO2. Buffer (SB or Tribonate®)
administration during CPR increased cerebral cortical
blood flow during the initial reperfusion phase after ROSC,
and prevented the development of secondary cerebral
tissue acidosis during the subsequent period of low sys-
temic perfusion pressure.
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Hyperventilation to counteract metabolic acidosis

ACLS Guidelines3,8,10 stressed the importance of “adequate
alveolar ventilation,” which, together with restoration of
tissue perfusion “are the mainstays of control of acid–base
balance during cardiac arrest.” Guidelines also state that
hyperventilation corrects respiratory acidosis by removing
carbon dioxide, which is freely diffusible across cellular
and organ membranes.3,8,10 These statements imply that
acidosis of cardiac arrest is mainly respiratory and not
metabolic, and that hyperventilation can correct the entire
acid–base derangements,6,27,28,76,149 despite the official
recommendation to ventilate at 12–15 times per minute.

Clearly, “adequate” ventilation can effectively eliminate
CO2 from the diminished blood flow reaching the pul-
monary circulation. To correct arterial academia tem-
porarily, Bishop and Weisfeldt, in their often-quoted
study,27 hyperventilated dogs to PaCO2 below 20 torr.
Sanders et al. “adequately” ventilated dogs to PaCO2 of 10
torr28 and Capparelli et al. to 16.6 torr.23 Still, concomitant
mixed venous pH and PCO2 were 7.09 and 72 torr and
cardiac venous pH and PCO2 were 6.76 and 128 torr,
respectively.23 Thus, hyperventilation cannot correct
whole body acidosis when tissue perfusion becomes the
limiting step in CO2 elimination.15,68,69

Moreover, hyperventilation may be deleterious during
CPR: Aufderheide et al. observed that professional rescuers
ventilated patients excessively during out-of-hospital
CPR.150 Subsequent animal studies demonstrated that
similar excessive ventilation rates resulted in significantly
increased positive intrathoracic pressures and markedly
decreased coronary perfusion pressures and survival
rates.150 Aside from potential detrimental mechanical
effects,151 hyperventilation causes cerebral vasoconstric-
tion and can reduce cerebral perfusion, which may be
particularly deleterious in low flow states. This was demon-
strated in traumatic brain injury,152 and may also be applic-
able to the cardiac arrest victim. A human study suggested
that cerebrovascular reactivity to changes in PaCO2 is pre-
served in comatose adults following CPR.153

Buffer therapy during cardiopulmonary
resuscitation

The discussion of buffer therapy during CPR should
address several issues: first, is the metabolic acidosis detri-
mental? This issue was discussed above. Second, does
buffer therapy improve CPR outcome? Third, is buffer
therapy safe, especially with SB, as so many concerns
about putative deleterious effects have been raised. And

finally, how do various buffer agents compare in the
context of CPR outcome?

Does buffer therapy improve CPR outcome?

An attempt to answer this question is severely hampered
by the paucity of adequate clinical studies. Therefore, most
of the evidence available is based on animal experiments,
which varied markedly in their design. To appraise cor-
rectly their results careful attention should be paid to
details such as arrest time, timing and dosage of buffer
administration, the use of epinephrine, and other mea-
sures affecting tissue perfusion and outcome endpoints.

Clinical studies
No large, prospective randomized clinical trial (RCT) on
buffers during CPR has ever been conducted.

Several retrospective studies attempted to analyze the
outcome effects of buffers (mainly SB), administered in an
uncontrolled fashion.60,94–96,154,155 These studies were all
inconclusive because of an inherent bias: patients who had
longer resuscitation attempts and had worse outcome also
received buffers more frequently. Thus, buffer administra-
tion was an epiphenomenon of prolonged arrest and CPR.

The only prospective RCT was published by Dybvik
et al.97 502 patients received either Tribonat® (a mixture of
SB, tromethanol, phosphate, and acetate, used frequently
in Scandinavia) or normal saline during out-of-hospital
CPR. Buffer therapy did not improve immediate resus-
citability or long-term outcome. However, the response
time in this study was short, only moderate acidosis was
detected in both treatment arms on hospital admission,
the number of patients was relatively small, and the odds
ratio was very wide.156

Bar-Joseph et al. recently reported a post hoc analysis of
bicarbonate usage among 16 emergency medical services
(EMS) systems that participated in the BRCT III trial – a
clinical trial that compared primarily standard-dose and
high-dose epinephrine.62 SB usage was optional and its
usage rates and timing of administration varied widely
among the EMS systems. A total of 2122 patients undergo-
ing out-of-hospital CPR were analyzed. SB usage rates cor-
related inversely with the sites’ timing of bicarbonate
administration (Fig. 37.5). Study sites were divided accord-
ing to their SB usage profile: “high SB user” sites adminis-
tered SB in over 50% of CPRs and within 10 minutes of the
first epinephrine dose, while “low SB user” sites adminis-
tered SB in�50% of CPRs and beyond 10 minutes of the
first epinephrine. “High SB user” sites had significantly
higher ROSC and hospital discharge rates and better long-
term neurological outcome.
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This study, however, was not a randomized controlled trial
of buffer use, and it suffered from some expected limita-
tions of a post-hoc analysis.157 The information it provides
can, and should, be used to set up a proper prospective
clinical trial.62,157

Laboratory studies
At least eight animal studies demonstrated a clear ben-
eficial effect of SB or other buffers on ROSC, post-
resuscitation myocardial function, or neurological
outcome,17,54,55,106,107,158–160 while a significant number of
other studies were “neutral,” i.e., not showing such bene-
ficial effects.37,50–52,56,73,161–165 Study design plays a major
role. The more “mechanism”-oriented studies utilized
models with relatively brief untreated arrest times, admin-
istered unrealistically large buffer doses, and did not use
vasopressors. The “outcome”-oriented studies utilized
experimental protocols better resembling realistic cardiac
arrest and CPR conditions. Some of the studies included
only 5 animals in each group, a number too small to
permit conclusions to be drawn.

In their “classical” studies on resuscitation drugs,
Redding and Pearson106 found that the combination of SB
and epinephrine yielded significantly better short- and
long-term outcome than no drugs or either drug alone.
Interestingly, they administered large sodium SB doses
(approximately 1.5 to 3 meq/kg) and their animals had
rather extreme arterial alkalemia.

Vukmir et al.54 demonstrated higher survival rates and
reduced neurological deficit with the combination of SB
and epinephrine in dogs resuscitated after 5 and 15
minutes of VF.

Bar-Joseph et al.17 found that SB, and to a somewhat
lesser degree Carbicarb (a mixture of sodium carbonate
and sodium bicarbonate), increased resuscitability rate and
shortened the time to ROSC in dogs subjected to 10 minutes
of VF. Arterial pH and base deficit were the best predictors
of ROSC. In a similar model, Leong et al.55 found that
administration of epinephrine and SB before defibrillation
attempts was associated with increased ROSC rates com-
pared to administration of epinephrine and saline. ROSC
was achieved with fewer shocks and in a shorter time.
Coronary perfusion pressures were significantly higher in
SB-treated animals than in controls.

Katz et al.160 compared the effects of “low dose”
Carbicarb, “high-dose” Carbicarb, and saline on neuro-
logical outcome in a rat asphyxial arrest model.
Importantly, the buffer dose administered as a bolus
in the “low” and “high dose” Carbicarb groups was equiv-
alent to approximately 1.3 and 2.6 meq/kg of SB, res-
pectively. “Low dose” Carbicarb attenuated acidosis,
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improved resuscitation, reduced neurologic deficits, and
reduced the number of dead hippocampal neurons.
Neutralization of cerebral acidosis with “high-dose”
Carbicarb increased the number of dead hippocampal
neurons and neurologic deficits.

In a rat VF model, Sun et al.107 found that buffers admin-
istered during CPR reduced coronary perfusion pressure
due to their hypertonicity and did not affect immediate
resuscitability (n�5 in each group). Nevertheless, buffers
ameliorated postresuscitation myocardial dysfunction
and increased postresuscitation survival. “CO2 consum-
ing” buffers (Tromethamine and Carbicarb) were more
effective than SB. Of note: no vasopressors were used and
animals received a buffer dose of 2.5 meq/kg.

Kette et al.51 studied the effects of SB, Carbicarb,
and hypertonic saline on myocardial acid–base status.
Defibrillation attempts were successful in each animal, but
spontaneous circulation was reestablished in a smaller
number of animals treated with SB compared to
those treated with Carbicarb or saline. This was a typical
“mechanism”-oriented study: buffer doses were very large,
no vasopressors were used, and the coronary perfusion
pressures (CPP) during CPR were very low.

Liu et al.148 explored the effects of SB, Tribonat®, and
hypertonic saline on cerebral perfusion and cerebral

acidosis during CPR. ROSC was achieved in a significantly
smaller proportion of piglets treated with SB. During CPR
and following ROSC, buffer-treated animals had signifi-
cantly higher arterial, mixed venous, internal jugular, and
cerebral tissue pH values compared to saline. Cerebral
cortical blood flow following ROSC was higher and of
longer duration in the buffer-treated animals (Fig. 37.6).

Other laboratory studies found neither beneficial
nor detrimental effects of buffer therapy on CPR out-
come.37,50,52,56,73,161–165 In most of these studies, cardiac
arrest with no CPR was rather brief37,50,52,73,161,162 and
buffers were administered very early in the course of
CPR.50,52,73 Such experimental protocols deviate markedly
from actual timeline of the common clinical scenario61

and have a rather unsound physiologic logic: i.e., with
no significant metabolic acidosis, buffer therapy is not
indicated and cannot be expected to prove beneficial.
In most of these studies a very large dose of buffer
(2.5–3 meq/kg) was administered50,52,73,162,163 and in
some50,52,163 epinephrine was not used, resulting in extre-
mely low perfusion pressures. The combination of large
doses (2.5 meq/kg) of hypertonic buffers or NaCl with no
epinephrine was shown to decrease CPP,163 which has
been repeatedly shown to be an important determinant
of ROSC.163
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Is SB therapy during CPR detrimental?

Since 1986,3 a rather long list of presumptive detrimental
effects of buffer therapy in general and SB in particular has
been repeatedly cited,3,6–10,58,99,166,167 and consequently it
has been “insinuated” that SB therapy worsens CPR
outcome. The 2000 Guidelines assert that bicarbonate
“can compromise coronary perfusion pressure; may cause
adverse effects due to extracellular alkalosis, including
shifting the oxyhemoglobin saturation curve or inhibiting
the release of oxygen; may induce hyperosmolarity and
hypernatremia; produces carbon dioxide, which is freely
diffusible into myocardial and cerebral cells and may
paradoxically contribute to intracellular acidosis; exacer-
bates central venous acidosis; and may inactivate
simultaneously administered catecholamines.”10 The fol-
lowing section analyzes the evidence underlying these
assertions.

“SB can compromise coronary perfusion pressure”
This variably seen effect is apparently “model-dependent:”
CPP decreased only when no vasopressor preceded buffer
and when the buffer dose was very large (2.5–3 meq/
kg)51,52,107,163,168 but not when either a vasopressor pre-
ceded SB or when clinically “reasonable” SB doses (i.e.
1–1.5 meq/kg) were administered.17,54,73,159,161,162,165,168 Sun
et al. showed that both SB and tromethamine decreased
CPP when given before vasopressor, but not when vaso-
pressor preceded the buffers.168 The hypotensive effect of
the large SB doses is secondary to the high sodium load
rather than to the alkalinizing effect, as equivalent loads of
hypertonic saline resulted in the same effect.163

“Bicarbonate may induce alkalosis which may shift
oxyhemoglobin saturation curve to the left or inhibit
oxygen release”
This repeatedly mentioned claim3,7,8,10,76,169 was postulated
based on the physiologic leftward shift of the oxyhemoglo-
bin saturation curve with alkalemia. A single reference170

is mentioned (in ref. 8) as presumably supporting this
hypothesis. In this study, investigators used a “near drown-
ing” (not CPR) hypoxemia model, where swine received
massive SB loading (8 meq/kg over 1 minute). Arterial pH
increased to 7.75, arterial saturation increased from 38.2%
to 65.3% and venous saturation decreased from 34.3% to
28.4%. Thus, the calculated oxygen extraction increased
almost tenfold, from 3.9% before to 36.9% after SB. Using
an indirect, convoluted reasoning, however, the authors
concluded that “these findings suggest that bicarbonate
caused a distinct leftward shift . . . which could impair
tissue oxygenation.”170

In cardiac arrest/CPR models, increased oxygen release
and oxygen uptake at the tissue level were observed follow-
ing administration of SB or other buffers.17,171 Other data on
oxygen extraction, mixed venous PO2, or saturation did not
support the notion that buffer therapy impairs tissue oxy-
genation.54,68,112 Moreover, buffer therapy, and specifically
SB, did not increase arterial or coronary sinus lactate in CPR
models.17,50–52 Cerebral oxygen extraction did not change
after SB, but tended to decrease after Tribonate®.148

“SB may induce hyperosmolarity and hypernatremia”
This can certainly happen – depending on the amount of
SB given. In the often-quoted paper by Mattar et al.172

patients became severely alkalemic, hypernatremic, and
hyperosmotic following massive doses of SB during pro-
longed CPR (mean of 338 meq SB per patient). Bishop and
Weisfeldt27 found transient increases in serum osmolarity
(from 308–309 to 343–349 mOsm/kg) 2 minutes after the
administration of 0.7–1 meq/kg of SB. Serum osmolarity
declined rapidly within the next 3 minutes. Other clini-
cal60,173 and experimental165 studies showed no significant
increases in serum sodium if recommended doses (ca.
1 meq/kg) of SB were used.

“SB may inactivate simultaneously administered
adrenaline”
This was never shown to be true: mixing epinephrine with
SB (or Tris buffer) in the same syringe caused a slight
decrease in its biological activity.174 After administering a
very high SB dose (3 meq/kg) and making the animals
extremely alkalotic (pH 7.7), the response to epinephrine
did not differ from that of the control group.175

“SB produces carbon dioxide, which is freely diffusible
into myocardial and cerebral cells and may
paradoxically contribute to intracellular acidosis;
exacerbates central venous acidosis”
Based on the findings of increased central venous PCO2

(PvCO2) in the “low flow state”, this postulation has stirred
up the “SB controversy” during CPR.3,4,6,8,16,58

No RCT reported values of Pvco2 following SB adminis-
tration. In the original reports by Weil et al.29and Nowak
et al.39 PvCO2 values were elevated, but most of the
patients received SB during CPR and no comparison with
patients not receiving SB was reported. In previously ven-
tilated patients undergoing CPR, Adrogue’ et al. actually
found lower PvCO2 in those who received SB than in those
who did not.36 In previously unventilated patients, both
PaCO2 and PvCO2 were higher in those who received SB
during CPR. The authors concluded that hypoventilation
on top of severe circulatory failure is required for CO2
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accumulation.36 Barton and Callaham70 found similar
arterial PCO2 values in patients who received SB during
CPR and in those who did not.

In animal studies, PvCO2 transiently increased when SB
doses �2 meq/kg were administered51,52,55,107,162,163,54 but
not when doses � 2 meq/kg were used.17,54,73,176 These
increased PvCO2 values were observed only within
3 minutes of SB administration.17,50–52,54,161–163,148,176,177 CO2

elimination during CPR follows a bi-exponential function,
with an initial fast phase representing elimination from the
lung’s FRC and a slow phase, with a half-time of 108
seconds, representing elimination from the pulmonary
capillary blood and from peripheral tissues.177 Therefore, a
single, early sampling will fail to depict the transitory
nature of the rise in PvCO2. Increases in PvCO2 were more
pronounced when no epinephrine was used,26,50–52,54,162

but not when epinephrine was used to improve tissue per-
fusion pressures.17,54,73,148

Most important, in none of these studies did pH values
decrease after SB administration. Even when PvCO2

transiently increased – arterial,17,27,51–53,56,107,148,159,162–164,176

central venous,17,25,51–54,56,73,107,161,162,164 cardiac venous,50–52

or cerebral venous26,148 pH significantly increased follow-
ing SB administration. Thus, SB was never shown to exac-
erbate venous acidemia.

The notion that SB “paradoxically contribute to intra-
cellular acidosis” is consistently traced back to the study
by Berenyi et al.178 After 4 minutes of VF, still with no meta-
bolic acidosis, dogs received during 20 minutes of CPR
approximately 10 meq/kg of SB (!). Epinephrine was not
used and ventilation was unchanged. At 20 minutes, arter-
ial PCO2 was 64 torr, pH 7.81, and [HCO3

�] 120 meq/l!
Cerebrospinal fluid, supposedly reflecting intracellular
acid–base status, had a PCO2 of 81 torr and a pH of 7.24,
which was not significantly different from that of the
control group. This “SB loading” model – with no relevance
to clinical buffer therapy during CPR – is repeatedly cited
as the evidence for “worsening of intracellular acidosis.”

No other study that used a cardiac arrest/CPR model
supported this hypothesis: intracellular pH either
increased68,146–148 (Fig. 37.7) or did not change,48,89,91,96 fol-
lowing SB administration.

In a hypoxic lactic acidosis model, Sessler et al. showed
that a very large SB dose did not produce paradoxical intra-
cellular acidosis in the brain.179 Multiple other in vivo
“non-CPR” and in vitro models investigated this issue, with
models of hypercarbic acidosis, cell suspensions, isolated
heart preparations, and more.180–186 Results are equivocal
and depend on experimental design, model, initial intra-
cellular pH, amount and mode of SB administration, and
timing of intracellular pH measurements.185,187

Timing of buffer administration

ALS Guidelines repeatedly stated that “after protracted
arrest or long resuscitative efforts, SB possibly benefits the
patient. However, SB therapy should be considered only
after the confirmed interventions, such as defibrillation,
cardiac compression, intubation, ventilation, and vaso-
pressor therapy, have been ineffective.”3,8–10 It was esti-
mated that these interventions are accomplished within
the first 10 minutes of CPR.3

What is the actual timing of buffer administration in CPR?
In a systematic analysis of SB usage in a large clinical trial,
Bar-Joseph et al.61 found that in the out-of-hospital setting,
the time from collapse to ACLS was 11.4 minutes and to the
first epinephrine 20.4 minutes. SB was administered 11.4
minutes after the first epinephrine, i.e., over 31 minutes after
the patients’ collapse.61,62 A similar timeline for the first epi-
nephrine dose was found in other large clinical trials.188,189

The long time intervals to administration of buffers
should be related to the development rate of metabolic
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acidosis, as discussed above. If buffers are thought to be
effective in promoting return of spontaneous circulation,
there is no “physiologic” sense in delaying their adminis-
tration by 11 minutes beyond the first epinephrine.62

Comparison of different buffers during CPR

The controversy surrounding the use of the “CO2-
producing” SB, has led to the development and testing of
other “CO2-consuming” buffers. As of today, three buffers
were considered as alternatives to SB during CPR:
Tromethamine (THAM), Carbicarb®, and Tribonate®.

Tromethamine (THAM, Tris buffer)

Tromethamine is an organic H� ion acceptor, which
crosses cell membranes and acts both as an extracellular
and intracellular buffer.190,191 With a pK�7.84 it is a
stronger buffer compared to SB (pK�6.10), binding H�

ions according to the formula

which leads to a right shift of the reaction

and thereby decreases CO2 and increases HCO3
� concen-

trations.192,193 THAM markedly reduced CO2 in arterial,
mixed venous, and great cardiac vein blood.17,50

Interestingly, THAM was previously thought to bind CO2

directly,194 but this was disputed later.193 In animal experi-
ments, THAM was less effective than SB in promoting
ROSC.17,50 This may be related to its vasodilating effect,
resulting in lower CPPs.17,50 Therefore, THAM cannot be
recommended for routine use as a buffer during CPR.

Carbicarb

Carbicarb® is an equimolar mixture of sodium carbonate
(Na2CO3) and sodium SB (NaHCO3), devised to capitalize on
the “CO2-consuming” effects of sodium carbonate without
the hazards of its very alkaline pH of 11.195 Carbicarb® was
originally reported as capable of buffering H� ions with no
net production of CO2.195,196 In the setting of hypoxic lactic
acidosis, Carbicarb® provided greater hemodynamic stabil-
ity compared to normal saline or SB, increased arterial pH
without increasing PaCO2, increased tissue oxygen utiliza-
tion, and prevented further increases of lactate.196,197 In
cardiac arrest/CPR models, results depend on experimental
details: Carbicarb® decreased while SB increased both
PaCO2 and PvCO2 2 minutes after the administration of
large doses (2–2.5 meq/kg) of buffer.51,52 When clinically rel-

CO2 �  H2O ↔ H2CO3 ↔ HCO3
� �  H�

(CH2OH)3 C � NH2 � HA ↔ (CH2OH)3 C � NH3
� �  A�

evant doses (1 meq/kg) were given, Carbicarb® administra-
tion resulted in slightly (though not significantly) higher
PvCO2 compared to SB administration.17 Blecic et al.56

found no difference between Carbicarb® and SB (1 meq/kg)
in either PaCO2 or PvCO2 at 5 minutes post ROSC. In all of
the studies, both buffers corrected blood pH effectively. In
fact, arterial pH values of 7.90 and 8.21 were measured after
the administration of the large Carbicarb® doses.51,52

Intramyocardial pH did not increase and was not different 2
minutes after either Carbicarb® or SB administration.51 No
significant differences in resuscitability, or arterial or coro-
nary perfusion pressures were found between these buffers
during CPR.17,51,52,163 Carbicarb® and SB were equally effec-
tive in ameliorating postresuscitation myocardial dysfunc-
tion following prolonged VF.107

Overall, despite a theoretical advantage, Carbicarb® was
not shown to be superior to SB during CPR in any of the
clinically relevant parameters.

Tribonat®

This is a mixture of SB, THAM, phosphate, and acetate, that
was introduced in 1985 by Wiklund et al.166,198,199 and is
used clinically mainly in Scandinavia. Tribonat® was
designed to overcome previously reported disadvantages
of both sodium SB and THAM: compared to SB it has a
lower sodium content, a significant intracellular buffering
capacity, and it was hypothesized that it causes less meta-
bolic alkalosis.166,198,199

In two cardiac arrest models, Tribonat® resulted in better
ROSC rates than did SB.73,148

In a cardiac arrest model, neither arterial nor CSF pH
and PCO2 differed between Tribonat®- and SB-treated
piglets.68 A recent, large and well-designed animal study
compared Tribonat®, SB, and saline in piglets undergoing
CPR.148 No differences were found between Tribonat® and
SB effects on arterial, mixed venous, and internal jugular
pH and PCO2 – although both buffers improved these vari-
ables compared to saline. No differences were found
between the effects of these buffers on cerebral cortical
blood flow, cerebral oxygen extraction ratio, and cerebral
tissue pH both during CPR and following ROSC.

The hemodynamic responses to epinephrine during CPR
were compared:112 while SB-treated animals had higher
systemic blood pressures before epinephrine administra-
tion, Tribonat® (as well as THAM and saline) resulted in
larger systemic pressure increases following epinephrine,
so that there were no differences between the groups at this
point. No differences were found between the effects of
Tribonat® and SB on myocardial energy metabolism during
CPR.26,73
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Thus, in cardiac arrest models, Tribonat® was more effec-
tive than SB in restoring early resuscitability, but despite
theoretical expectations, no other differences between the
two buffers were found. Tribonat® seems to be an accept-
able alternative to SB.

Buffer therapy postresuscitation

Guidelines8,10 recommended the use of sodium SB after
ROSC, especially following prolonged CPR. Lacking any
specific published evidence, however, this may be
supported only by rational conjunctures or common
practices.

Sun et al. reached contradictory conclusions regarding
the effects of buffers on postresuscitation myocardial dys-
function in two studies using the same rat CPR model.107,168

The first study107 concluded that buffers administered
during CPR may ameliorate postresuscitation myocardial
dysfunction and thereby improve postresuscitation sur-
vival. Their later study,168 which added epinephrine and
esmolol (to block the beta1 effect of epinephrine) to
buffers, concluded that buffers caused greater impairment
of postresuscitation myocardial function and decreased
postresuscitation survival. Unfortunately, the authors pro-
vided no hypothesis to explain these differences. Both of
these studies compared multiple small (n � 5 each)
groups, limiting their statistical power.

Buffer therapy for cardiac arrest and CPR under
special circumstances

Cardiac arrest associated with pre-existing metabolic
acidosis

ACLS Guidelines2,3,8,10 recommended SB for patients with
“preexisting metabolic acidosis” (Level IIa recommenda-
tion). Neither the Guidelines nor the background text169

specify to which type of “preexisting metabolic acidosis”
it relates, and at what degree of acidosis is buffer indicated.
Obviously, the basic presumption of this downright indica-
tion is that metabolic acidosis is detrimental, yet the same
Guidelines are very reserved regarding buffer therapy for
metabolic acidosis developing during arrest and CPR. Are
these lactic acidoses really different?

There is practically no literature to support this long-
standing recommendation, which may be supported by
inference from other situations and rational conjecture.
Since buffer therapy – including SB – is not detrimental,

however, there seems to be no clinical logic in changing
this recommendation. 

This indication for buffer treatment may be especially
important in pediatric advanced life support (PALS), as
pediatric cardiac arrest is usually secondary to on-going
respiratory or circulatory failure resulting from whole-
body hypoxia and lactate production.22 In adults, pulseless
electrical activity is also secondary to deteriorating
primary conditions with metabolic (lactic) acidosis devel-
oping before the final cardiac arrest.92,214

Cardiac arrest associated with hyperkalemia

The use of SB for “cardiac arrest associated with hyper-
kalemia” is another longstanding, seemingly undisputed
recommendation (Level I or Level IIa)2,3,8–10 The origins of
this recommendation date back to a 1959 paper by
Bellet200 and to a dramatic case report by Stewart et al.201

Nevertheless, literature search for hyperkalemia, CPR and
SB found only nine case reports, which do not allow
drawing any unequivocal conclusions, as patients were
treated with various means, including SB, to reduce serum
potassium levels.202–210 No animal studies on hyper-
kalemia in cardiac arrest models were reported. Evidence
suggests that SB is not very effective in the initial manage-
ment of hyperkalemia in patients who are stable, not aci-
dotic and not in cardiac arrest.211,212 One small case
series213 reported on a significant reduction of elevated
serum potassium (associated with ECG changes) follow-
ing SB therapy in four profoundly acidotic patients. Since
the potassium-lowering effect of sodium SB is not large
and not immediate, it cannot be relied upon as a sole
therapy to treat hyperkalemia during CPR. SB should be
combined with other measures such as calcium,
insulin/glucose, or hemodialysis.211,212

Cardiac arrest associated with tricyclic antidepressant
toxicity

SB has been indicated as a Class IIa recommendation in
cardiac arrest associated with tricyclic antidepressant tox-
icity.8–10,214 Surprisingly, only a single case report involving
the use of SB in the treatment of cardiac arrest following
tricyclic antidepressant intoxication was published.215

Nevertheless, vast literature exists on the efficacy of SB in
treating the cardiovascular toxicity of tricyclics and other
sodium channel blockers such as type 1a antiarrhyth-
mics and cocaine. No randomized clinical trials are avail-
able, but observational studies,216 case reports,217–219 and
animal studies220–228 demonstrated rapid improvement in
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hypotension and cardiac arrhythmias following SB admin-
istration. It remains controversial whether it is the alkalin-
ization or the administration of extra sodium that causes
these beneficial effects.225,227–232 As SB is readily available,
however, its toxicity is low and its benefit is high, it can be
safely recommended for tricyclic antidepressant toxicity.
No clear-cut recommendations concerning dosing and the
duration of therapy can be provided from the published
literature.233

Conclusions

1. Both CO2 accumulation and lactate production con-
tribute to the rapidly developing acidosis during cardiac
arrest and CPR.

2. As a result of the low tissue perfusion generated by
external cardiac massage, CO2 and H� accumulate at
the tissue level. This phenomenon is responsible for
the large veno-arterial differences in PCO2 and pH
consistently found during CPR.

3. The hypothesis derived from this finding, suggest-
ing that SB – a typical “CO2-producing” buffer – para-
doxically aggravates intracellular acidosis was not
substantiated.

4. Acidosis, especially when coupled with hypoxia,
decreases cardiac contractility and reduces the chances
for successful defibrillation. Profound cerebral acidosis
develops within minutes of cardiac arrest, further
impairing brain energy metabolism, enhancing brain
edema, and worsening histopathologic and neurologi-
cal damage.

5. Hyperventilation cannot effectively compensate for
metabolic acidosis, and, at least theoretically, may
have detrimental effects.

6. No large, prospective RCT of buffer therapy in CPR was
performed. One relatively small prospective RCT found
no outcome benefit of buffer therapy. A recent retro-
spective analysis found that EMS systems with frequent
and earlier use of SB had better CPR outcome than did
EMS systems with infrequent and late use of SB.

7. At least eight animal studies found a beneficial
outcome effect of buffers (mainly SB), whereas 10
other studies did not find such an effect.

8. Careful review of the literature does not confirm any of
the claims previously raised against SB when it is used
in a clinically appropriate manner during CPR:
• When used in combination with vasopressors and

in clinically relevant dosages, SB does not compro-
mise coronary perfusion pressure.

• Buffer therapy does not worsen, but rather improves
tissue oxygenation.

• SB only rarely increases serum Na� and osmolarity
during CPR and the clinical importance of these
changes is rather minimal in light of the extremely
grave prognosis of prolonged CPR.

• SB does not exacerbate central venous acidosis. Early
after administration of large SB doses, PvCO2 may
transiently increase, but arterial, central venous, and
cardiac venous pH always increase significantly.

• No “paradoxical intracellular acidosis” was proven
in cardiac arrest/CPR models, even when very large
SB doses were used. Most data suggest that intracel-
lular pH increases following SB administration.

• SB does not inactivate simultaneously administered
epinephrine.

9. Clinical data show that SB administration is often
delayed and administered at a stage when little or no
benefit can be expected.

10. Although logical, there is no evidence for a beneficial
effect of SB for “pre-existing metabolic acidosis.”
Similarly, there is very little, rather contradictory evi-
dence, on the effects of buffers “upon return of spon-
taneous circulation.”

11. None of the other buffers tested as an alternative to SB
have proven to be superior or to have less clinically
important side effects.

12. There is only weak evidence for a beneficial effect of SB
in cardiac arrest associated with hyperkalemia. SB
cannot be relied upon as a sole therapy to treat hyper-
kalemia and should be combined with other measures
such as calcium, insulin/glucose, or hemodialysis.

13. SB can be safely recommended for cardiovascular
emergencies associated with tricyclic antidepressant
toxicity.

14. What are our current knowledge gaps?
• There is an urgent need for a proper prospective

randomized clinical trial of SB in ACLS. Until this is
accomplished, it seems unjustified to discard a
potentially useful, and rather harmless, drug from
use in a clinical emergency that has an extremely
unfavorable outcome and no other viable alterna-
tives are available.

• There are no published clinical data on pediatric use
of buffers.

• Recommendations for dosage and timing of
repeated buffer doses are not supported by suffi-
cient factual data.

• There is a need to clarify the cause–effect relationship
between correction of acidosis and CPR outcome.
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Addendum

The new Guidelines for Cardiopulmonary and Cerebral
Resuscitation (CPR) 2005236 were published after comple-
tion of this chapter. The paragraph relating to Buffers is
very succinct, and is copied here in its entirety (reference
numbers relate to this text):

Consensus on science

There were no published LOE 1, 2, or 3 studies on the use
of sodium bicarbonate during CPR. One LOE 2 study97

showed no advantage of Tribonate over placebo (neutral),
and 5 retrospective analyses of uncontrolled clinical use of
sodium bicarbonate were inconclusive (LOE 4).4,60,94,96,154

One LOE 4 study62 suggested that emergency medical ser-
vices (EMS) systems using sodium bicarbonate earlier and
more frequently had significantly higher rates of ROSC
and hospital discharge and better long-term neurologic
outcome.

Results of animal studies are conflicting and inconclu-
sive. Sodium bicarbonate was effective for treating the car-
diovascular toxicity (hypotension, cardiac arrhythmias)
caused by tricyclic antidepressants and other fast sodium
channel blockers (see “Drug overdose and poisoning,”
below). Only 1 LOE 5 publication215 reported the success-
ful treatment of VF cardiac arrest caused by tricyclic poi-
soning using sodium bicarbonate.

Treatment recommendation

Giving sodium bicarbonate routinely during cardiac
arrest and CPR (especially in out-of-hospital cardiac
arrest) or after ROSC is not recommended. Sodium bicar-
bonate may be considered for life-threatening hyper-
kalemia or cardiac arrest associated with hyperkalemia,
pre-existing metabolic acidosis, or tricyclic antidepres-
sant overdose.
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Introduction

Shock is a complex entity traditionally defined as a state in
which the oxygen utilization or consumption needs of
tissues are not matched by sufficient delivery of oxygen.
This mismatch commonly results from states of altered
tissue perfusion. From this perspective, cardiopulmonary
arrest represents the most extreme of shock states.

Figure 38.1 represents the basic relationship between
oxygen consumption (VO2) and oxygen delivery (DO2) that
is pertinent to individual organs as well as to the whole
body.1–3 VO2 can remain constant over a wide range of DO2,
because most tissue beds are capable of efficiently increas-
ing the extraction of oxygen. This will be reflected by
decreasing venous oxygen saturation from each organ.
When DO2 reaches a critical threshold, however, tissue
extraction of oxygen cannot be further increased to meet
tissue demands. At this point VO2 becomes directly depen-
dent on DO2 (DO2crit) and cells begin to convert to anaer-
obic metabolism, as manifested by increases in certain
metabolic products such as lactate, NADH, and reduced
cytochrome oxidase. The point of DO2crit is the point of
dysoxia or ischemia at which tissue DO2 cannot meet tissue
oxygen demand.2 Oxygen debt can be defined as the
amount of cumulative difference of VO2 between baseline
and that spent below DO2crit. As discussed later, the level
of accumulated oxygen debt in shock states is critically
linked with survival.4,5

Several unique physiologic aspects and principles of
cardiac arrest and CPR exist that limit the usefulness of
many monitoring modalities, some of which will be more
useful in the postresuscitation period.6 These include the
following.

1. Cardiac arrest produces a global state of ischemia
wherein all organ systems, especially those most meta-
bolically active (heart and brain), experience severe
ischemia within minutes. DO2crit is immediately sur-
passed. As opposed to other shock states, such as those
produced by hemorrhage or sepsis, there is no com-
pensatory state prior to sudden death cardiac arrest.
Thus every minute of cardiac arrest results in a greater
temporal based oxygen debt than other etiologies of
shock. This state of profound whole body ischemia
is further complicated because the brain and heart,
which are usually globally spared from dysoxia until
the late stages of other forms of shock, reach dysoxia
almost immediately (within minutes) in cardiac arrest.
Additionally, depending on the cause of the arrest, indi-
vidual organ regions may have undergone significant
ischemia (such as occurs in acute myocardial infarc-
tion) before arrest, or globally (such as occurs in
asphyxial arrest) and thus accumulated a significant
degree of regional or whole body oxygen debt before the
actual arrest.

2. Traditional CPR is incapable of restoring DO2 to a point
of VO2 independence. This is especially true of the
brain, in which high-energy phosphate depletion
occurs within minutes and cannot be restored with
CPR. Only ROSC or alternative methods of CPR such as
open chest cardiac massage or cardiopulmonary
bypass can produce this.

3. Optimal outcomes from cardiac arrest are, for the most
part, directly linked to pre-arrest events and the dura-
tion of arrest. Thus the goal of CPR is to achieve hemo-
dynamic changes capable of producing ROSC within
seconds to minutes, as opposed to the minutes to hours
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time frame that can be used to effect favorable hemo-
dynamic changes during the postresuscitation period.
To date, the major hemodynamic factor determining
the ability to produce ROSC is coronary perfusion pres-
sure (CPP).

Therefore, it is apparent that the most immediate goal of
CPR is to restart the heart as soon as possible so as to limit
the total time of ischemia especially to the brain, and
the heart itself. Because of this compressed time frame,
selected monitoring end-points must have the ability to
detect targeted processes or parameters that are linked
with ROSC and are capable of changing within seconds
of interventions (i.e., coronary perfusion pressure). Conse-
quently, monitors must have corresponding response
times and be capable of being applied to the patient and
reporting data within seconds.

Monitoring during CPR

Traditional monitoring

Monitoring during CPR has traditionally consisted of
carotid or femoral pulse palpation along with ECG evalua-
tion in one or more leads. Although the lack of a palpable
pulse during CPR may indicate inadequate forward flow,
quantification of forward flow cannot be estimated in the
presence of a palpable CPR-generated pulse since pres-
sures generated by chest compressions may be transmitted
equally to both the major arterial and venous vessels.7 In
addition, inability to palpate a pulse has not been demon-
strated conclusively to rule out spontaneous forward flow
in certain rhythms such as pulseless electrical activity.8

Myocardial blood flow is not dependent on palpated
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arterial systolic pressure, but depends instead on CPP,
which is defined as the difference between aortic diastolic
and coronary sinus (or right atrial) diastolic pressure.9 ECG
monitoring during CPR will indicate the electrical status of
the heart, but not mechanical activity. Although perhaps
the best attainable in certain circumstances, these two
monitoring modalities do not provide reliable information
about the effectiveness of CPR (both mechanical and phar-
macologic interventions) or prognosis given current treat-
ment recommendations.

In the absence of immediate defibrillation it is now clear
that the essential menu of CPR interventions, including
chest compression, management of the airway, and
breathing for the victim take priority. In the out-of-hospital
setting, only a small minority of witnessed cardiac arrests
receive successful defibrillation with an AED within 3
minutes after collapse. Thus, in the lay setting, monitoring
challenges exist that may affect outcome.

The first challenge encountered by the bystander/lay
rescuer is the limited capability to detect cardiac arrest
promptly. The detection, and indeed, the definition of
cardiac arrest that then prompts CPR is now based solely
on the observer’s capability to observe or sense breathing
and/or detect a pulse in an unresponsive individual. Yet,
the very specificity of the pulse check, including the carotid
pulse, by lay persons under stress, even after completion of
the Basic Life Support Course (BLS), is no better than
random. Since 1968 the pulse check has been the “gold
standard” for determining whether the heart is beating.
Evidence indicated that the pulse check by lay rescuers
failed to identify a pulse as present or absent 50% of the
time and it was therefore random.10,11 Since 1992, however,
the validity of the pulse check has been called into question
and in the American Heart Association Guidelines the
pulse check was deleted as a basis for establishing that the
victim has cardiac arrest triggering CPR, including imme-
diate defibrillation.12,13

Prompt distinction between the presence of heartbeat
and the absence of breathing would allow the A, B, C, and D
(airway, breathing, chest compression, and defibrillation)
to be optimally prioritized, and even quality-controlled,
contingent on real-time measurements.14–17 Failure to
restore breathing and circulation with chest compression
compromises survival in some patients.

In a recent study, CPR before delivery of the initial shock
increased survival (to hospital discharge) from 24% to
30%.18 Significantly better outcomes followed chest com-
pression when it preceded electrical defibrillation,
although delaying defibrillation can compromise success-
ful defibrillation.18–20 Under experimental conditions, suc-
cessful resuscitation by defibrillation is reduced to 40% if

the delay is 15 seconds and�5% if defibrillation is delayed
by as much as 20 seconds.21

Current versions of AEDs, which analyze rhythm, do
provide the intelligence and prompting for electrical defib-
rillation during ventricular fibrillation. As yet, however,
they do not provide real-time measurements of the
mechanical heartbeat, breathing, blood circulation, or the
intelligence for optimizing and sequencing of CPR in real-
time, especially for the nonprofessional and occasional
professional rescuer. These new insights add incentive to
providing real-time diagnosis during cardiac arrest for
optimal guidance for sequencing of the essential airway,
breathing, and chest compression intervention as well as
electrical defibrillation.

An example of how this might be done is with the use of
simple transthoracic impedance. Measurement of transtho-
racic impedance has evolved over more than a century with
impedance plethysmography described as early as 1897 for
physiological measurements.22 Circulation and respiration
were both quantified by impedance measurements.23–26

Impedance monitoring as a clinical application for man-
agement of the critically ill and injured for estimating
cardiac output followed the demonstration of Kubicek that
changes in transthoracic impedance were indicative of
changes in intrathoracic blood volume.27 More recently,
these techniques have been incorporated into commercial
devices for estimation of stroke volumes and therefore
cardiac output in the critically ill and injured.28 The applic-
ability of impedance methods during CPR has been shown
to be a useful alternative for detection of breathing, or heart
beat, or both.29 The same electrodes that sense the electro-
cardiogram for diagnosis of the ECG rhythm and for deliv-
ery of a defibrillating shock were employed for the
impedance measurements. Indeed, the impressive correla-
tion between the arterial pulse pressure and impedance
(Fig. 38.2) indicates that the impedance signal serves as a
surrogate not only for “pulse check” but also to quantify
arterial pressure produced by cardiac injection. Concurrent
measurement of ECG and impedance would enable prompt
detection and interpretation of cardiac or respiratory arrest,
and therefore, guide more appropriate priority inter-
ventions for either (1) artificial breathing or (2) chest com-
pressions, or both, preceded or followed by automated
defibrillation.

Central hemodynamic or global monitoring

Coronary perfusion pressure
Laboratory data have clearly demonstrated the relation-
ship between CPP and myocardial blood during CPR and
the need to reach a certain threshold of CPP in order to
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achieve ROSC.9,30,31 Clinical studies have confirmed the
link between CPP and ROSC and have established that
using current resuscitative treatment modalities as
recommended by the American Heart Association, a
minimum CPP of 15 mmHg is necessary to achieve ROSC
if initial defibrillation attempts fail.32,33 This is necessary,
although not always sufficient, to achieve ROSC, and
factors such as significant coronary artery lesions, down-
time, and others have shown that despite reaching a
CPP of 15 mmHg, ROSC is not possible. For example, not
only are myocardial oxygen requirements of ventricular
fibrillation higher than for example the asystolic heart,
fibrillation has been demonstrated to cause mechan-
ical compression of subendocardial vessels.34,35 Higher
opening pressures and flow may be required to achieve
ROSC in these circumstances.36,37 In addition, vasopres-
sors such as epinephrine have been shown in some
instances to increase further the imbalance between
myocardial oxygen demand and delivery despite increas-
ing myocardial blood flow.30

Clinical studies have demonstrated that CPP can be
positive or negative during CPR and are indistinguishable
by palpation of a pulse alone (Fig. 38.3).38 Although mon-
itoring of CPP is the most directly reliable indicator of
adequacy of chest compression and pharmacological
interventions, its major drawbacks are that it requires
time and resources (both equipment and human),
because access to both the arterial and central venous
vasculature is needed to determine arterial diastolic and
central venous diastolic pressure. In addition, pressure
transduction supplies and equipment are necessary to
verify pressure tracings and calculate CPP since most
pressure monitors, while capable of reporting systolic and

diastolic arterial pressure, report central venous pressure
as a mean value.

Animal data indicate that the ability to achieve a dias-
tolic arterial pressure of at least 40 mmHg is predictive of
ROSC and is likely to be related to achieving a threshold
CPP; however, clinical CPP data to substantiate this are
lacking and critical CPPs can be achieved in humans
without a diastolic arterial blood pressure of 40 mmHg.39

Furthermore, it may be impossible to achieve a diastolic
arterial pressure of 40 mmHg in some individuals by tradi-
tional closed chest compressions.

Measurement of CPP in the manner described above
is possible in the hospital, especially in intensive care
units where patients may already be instrumented.
Unfortunately, this important variable is often ignored.
Measurement is also possible in most emergency depart-
ments with proper staffing and preparation, and should
be utilized, especially in circumstances in which central
vascular access is obtained for drug administration.
Nonetheless, it does not appear that simply monitor-
ing diastolic CVP alone can predict CPP. In reality, since
it is becoming increasingly popular to carry out cardiac
arrest resuscitations in their entirety in the prehospital
setting, it is unlikely that real-time direct CPP monitor-
ing will ever become standard in emergency depart-
ments or other settings. Its application in the prehospital
setting is simply not feasible from a technical and time
standpoint.

Arterial blood pressure monitoring
Use of the oscillometer or other non-invasive blood pres-
sure monitoring techniques are unreliable in their ability
to measure true arterial blood pressure during CPR. These
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methods require detection of pulsations in the cuff or
other detector transmitted by the artery. Although these
techniques provide acceptable levels of variance from
intra-arterial measures in stable patients, levels of vari-
ance are greatly increased in states of critical illness.
Motion produced during CPR as well as the low pressure
produced will require sensitivity not required of standard
applications of the technology.40 If knowledge of systolic

pressure is desired, use of a manually inflated pressure
cuff along with a Doppler device is recommended, with
the caveat that diastolic pressure cannot be determined in
this manner. It must be emphasized, however, that achiev-
ing a target systolic pressure alone during CPR has never
been associated with ROSC; thus, use of non-invasive
blood pressure monitoring will be of little value during
CPR. Because of the physiology of cardiac arrest and
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CPR-induced perfusion pressures, significant changes in
systolic blood pressure may occur without favorable
changes in CPP. Direct arterial blood pressure monitoring
will be useful in distinguishing true electromechanical
dissociation (EMD) from pseudo-EMD in which patient
body habitus or significantly low pulse pressure prevents
detection of pulsatile flow by pulse detection or end-tidal
CO2 monitoring (discussed later).8

During the postresuscitation phase, invasive arterial
blood pressure monitoring is recommended because of
the noted unreliability of non-invasive measures during
labile states.40 Since to stay in the autoregulatory range of
the brain and to maintain coronary perfusion pressure a
minimal perfusion pressure of 70 mmHg is recommended,
invasive arterial pressure will be helpful in ensuring this.
Invasive monitoring will also make acquisition of arterial
blood gases easier.

Laboratory testing
Intermittent venous and arterial blood sampling for gas or
chemistry analysis is of limited utility during CPR and basi-
cally has no application in the out-of-hospital setting. Use
of whole blood gas and electrolyte measurements (now
available at many institutions and in point of care testing
kits) can provide both hemoglobin and potassium levels
within minutes. These may be helpful in excluding hyper-
kalemia and severe anemia as a cause of arrest or of inhibit-
ing attempts at resuscitation. Co-oximetry measurement
of hemoglobin for evidence of carbon monoxide poisoning
would be helpful in certain circumstances. Severely ele-
vated carboxyhemoglobin levels are likely to preclude suc-
cessful resuscitation by standard resuscitation techniques
since a state of functional anemia will exist in combination
with the poor perfusion produced by CPR, thus further
reducing DO2.

Typical blood gas findings during CPR include severe
venous respiratory acidosis and arterial respiratory alkalo-
sis, which reflect the large dead space created in the lungs
by cardiac arrest and the poor forward blood flow pro-
duced by chest compressions as compared to the normal
circulation (Fig. 38.4).41–44 SaO2 is usually 99% with PO2

levels well above 100 mmHg.
Lactate monitoring during CPR itself has been examined

as a means to determine the duration of cardiac arrest, the
so-called “down time” and to titrate therapy.45–47 Normal
lactate levels (in the absence of liver failure) are less than
2–3 mmol/L. Lactic acidosis existing during CPR and the
initial postresuscitation period is due to inadequate DO2

(Type A lactic acidosis). However, single measurements
have limited value. Changes in lactate will not occur
rapidly enough during CPR to allow changes in therapy.

Indeed, it can be argued that better CPR may result in
increasing lactate levels because of washout phenomena
(removal of lactate sequestered in tissue beds into the
central circulation) and/or because of enhanced delivery
of substrate to cells that are still below the point of DO2crit,
thus resulting in additional lactate production. Moreover,
lactate levels at the beginning of CPR may differ among
individuals, depending on the etiology of arrest. For
example, an asthmatic who experienced significant hypo-
xemia before arrest will have higher levels of lactate and a
higher oxygen debt than will the victim of sudden death.
Lactate levels during CPR have not been demonstrated in
humans to correlate with neurologic outcome.48

The major utility of lactate monitoring is in the postre-
suscitation setting as a useful endpoint to guide hemody-
namic management. Lactate levels are universally elevated
immediately after ROSC; therefore, use of lactate as a
postresuscitation endpoint to assess adequacy of DO2 will
require serial measurements. It is thus not the absolute
level of lactate that is prognostic in shock, but the ability to
halt dysoxic lactate production and clear it.49–52 Lactate
clearance of at least 5%–10% an hour should be a goal.
Rising lactate levels or the inability to clear lactate indi-
cates continuing accumulation of oxygen debt and thus
DO2 levels below DO2crit or significant regional dysoxia.3,50

Therapies aimed at increasing DO2 or reducing VO2 should
be instituted.

It is not uncommon to observe elevated or rising lactate
levels in the postresuscitation period despite normal or ele-
vated systemic blood pressures. This should be interpreted
as an indication of severe microcirculatory shunting, which
may be secondary to excessive circulating levels of cate-
cholamines or other vasoactive mediators.53 In this setting,
the presence of elevated lactate levels concomitant with
elevated central or mixed venous hemoglobin oxygen satu-
ration again indicates severe microcirculatory injury and
portends a poor outcome.53,54 Non-intuitive therapies such
as vasodilator therapy may be required to reverse this state.

Although lactic acid and base deficit are highly correlated,
hyperlactemia (levels 2–5 mmol/L) may be observed in the
latter phases of postresuscitation care in the absence
of metabolic acidosis as a consequence of processes that
increase the glycolytic flux of glucose to lactate, such as
catecholamine administration.55 Nevertheless, clinicians
should aggressively rule out occult hypoperfusion as a cause
of elevated lactate levels.

Postresuscitation laboratory testing of other markers or
compounds as indicators of myocardial function, neu-
ronal injury, immune and inflammatory function, and
others will inevitably be developed as our ability to treat
cardiac arrest and the postresuscitation syndrome
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evolves. Much of this will be as a result of advances in our
understanding of the molecular basis and complex inter-
play between systems in the pathology and treatment of
the disease. It is possible to envision performing bedside

genomic and proteomic profiling in the postresuscitation
period to obtain better understanding of prognosis or
to develop individual pharmacogenomic approaches to
therapy for the patient.
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Pulse oximetry
The technique of pulse oximetry utilizes two wavelengths
of light (red and infrared) to determine the percentages of
oxy- and deoxyhemoglobin. This is determined by isolat-
ing the small increase in blood volume occurring at the
site of measurements in response to systole and compar-
ing it to background absorption, which includes blood,
bone, skin, and other tissue components. The technique
thus requires pulsatile flow. There has been confusion
with respect to the role of pulse oximetry during CPR.
Because of the physiology of CPR, which produces low
systemic blood flow and significant increases in physio-
logic deadspace, along with ventilation that uses high
flow oxygen, arterial blood gases reveal hemoglobin
oxygen saturations of 99%, as PaO2 levels are uniformly
above 100 mmHg.41,56 Thus, in the absence of significant
anemia, obtaining maximum arterial oxygen content
during CPR is rarely a problem. For monitoring the effec-
tiveness of chest compressions, use of SpO2 to observe
the produced plethysmograph is unreliable because of
various factors, including presence of nail polish, temper-
ature-induced vasoconstriction of digits, shunting due to
reductions in CPR blood flow, and others. In addition,
studies have demonstrated that very low pulsatile blood
flow is capable of producing a plethysmograph.57,58

Various manufacturers have developed very bright light-
emitting diodes and sensitive detectors that can pick up
very weak signals. They have even developed sensitive
motion artifact rejection software. Most manufacturers
“auto scale” the detected plethysmograph for the user so
that information on signal intensity is not available. Thus,
the ability to detect a peripheral SpO2-produced plethys-
mograph is not indicative of adequate CPR.

The characteristics of the plethysmograph determined
by pulse oximetry have not been examined for its ability to
correlate with central hemodynamics produced by closed
chest compressions and pharmacologic interventions,
although it may warrant study. It is likely, however, that
interpatient variations produced by arterial vascular
disease and other factors will preclude its use as a sensitive
guide to resuscitation.

End-tidal CO2 monitoring
Capnometry is the measurement of the concentration of
CO2 in the airway during inspiration and expiration.
Capnography refers to the graphic display of this measure-
ment over time. Measurement of CO2 concentrations at the
very end of expiration is termed end-tidal CO2 (PetCO2). CO2

in respiratory gases can be measured by several methods,
with infrared spectroscopy being the most common.
PetCO2 can also be measured qualitatively and semiquanti-

tatively by using pH-sensitive filter papers containing
metacresol purple, which changes color in response to
varying concentrations of CO2 owing to the formation of
hydrogen ions.59,60

Beginning with the work of Kalenda and Smallhout, the
value of PetCO2 monitoring for resuscitation of victims of
cardiac arrest has been demonstrated repeatedly.61 The
value of PetCO2 monitoring lies in its ability to reflect
closely alveolar CO2. Alveolar CO2 is determined by the
combination of CO2 production (VCO2), pulmonary capil-
lary blood flow (i.e., cardiac output), and alveolar ventila-
tion. As such, alveolar CO2 and PetCO2 are linearly related
to VCO2. VCO2 depends on two different factors: pul-
monary excretion and metabolic production of CO2. In low
flow states with steady-state ventilation, VCO2 declines
secondary to decreased delivery of CO2 to the lungs and
to ventilation/perfusion mismatches in the lung resulting
in an enormous increase in deadspace (up to 0.7 in the
setting of CPR).62 This results in a widening of the arterial
PCO2 to PetCO2 gradient and is further reflected by mixed
venous hypercarbia. Although difficult to measure, VCO2

also declines secondary to reductions in actual CO2 pro-
duction from decreases in DO2.42,63,64 Although sometimes
described as logarithmic, VCO2 and thus PetCO2 basically
have almost the same biphasic relationship with DO2 as
does VO2 (Fig. 38.5). Thus, DO2crit determined by following
changes in VCO2 and PetCO2 does not significantly differ
from determinations using changes in VO2 or lactate pro-
duction.63,65 Concomitant with reductions in DO2 will be
increases in tissue CO2, as decreases in blood flow will
reduce the amount of aerobically produced CO2 removed
from tissue, creating a tissue respiratory acidosis.66–68

Additional tissue CO2 will be produced after DO2crit is
reached, as metabolic acids such as lactic acid are buffered
by tissue bicarbonate, although tissue CO2 production as a
whole will be decreased in accordance with decreases in
VO2.69

VCO2 and thus PetCO2 are linearly related to DO2 during
metabolic states dependent on oxygen supply. Since
during CPR, oxygen content does not change significantly,
then the major component of DO2 tracked by VCO2 or
PetCO2 is cardiac output. This is advantageous during CPR
since, as discussed earlier, CPR is a state where VO2 is
directly dependent upon DO2.

Again, in order for this to be valid, both alveolar venti-
lation (minute ventilation) and VCO2 must be assumed to
be relatively constant. If this is assumed, changes in
PetCO2 will reflect changes in pulmonary capillary blood
flow or cardiac output. Of note, in this setting,
although PetCO2 correlates with cardiac output, it does
not correlate with actual PaCO2 during CPR in humans,
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because of the large increase in pulmonary deadspace
produced.

Although VCO2 production during CPR is difficult to
measure, there are not likely to be wide swings. In addi-
tion, the extremely high concentrations of CO2 in the
mixed venous blood pool (
 60 mmHg) and large pul-
monary deadspace ensure that small changes in VCO2 do
not cause appreciable changes in PetCO2.42 Only ROSC or
improved artificial circulation (e.g., with open chest
massage) will result in a dramatic and sustained increase
in PetCO2. Minute ventilation should be held relatively
constant if PetCO2 is to be used as an indicator of cardiac
output.

Both animal and human data have demonstrated
that PetCO2 correlates with CPP and cerebral perfusion
pressure (CePP) during CPR.70–72 The correlation between
PetCO2, CPP, and CePP is due to its relationship with
cardiac output in the low-flow setting of CPR. This
can be predicted on the basis of the known relation-
ship between mean arterial pressure and cardiac output
when peripheral vascular resistance (PVR) is constant.
Thus when PVR is not significantly changing, increases
in cardiac output will result in increases in organ blood
flow; the increased cardiac output will result in an
increase in PetCO2 if minute ventilation and VCO2 are held
constant.
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These correlations between PetCO2, CPP, CePP, and
cardiac output may be uncoupled by epinephrine and
other vasopressors administered during CPR. Animal and
human studies have shown that PetCO2 decreases when
large doses of epinephrine are used during cardiac arrest,
despite significant increases in CPP and myocardial and
cerebral blood flow.31,73 Initially thought to be due to
increases in shunt fraction, it has been found that this
effect is due to actual decreases in CPR-produced cardiac
output as a result of increases in afterload.31

Thus, although cardiac output is decreased, DO2 to the
myocardium and cerebrum are increased because of the
redistribution of blood volume, much of which lies in the
aorta. Although consistently shown in animals, the effect
of epinephrine administration during CPR on reducing
PetCO2 in humans has been variable.74,75 When decreases
in PetCO2 occur after epinephrine administration, they
correlate with the timing of increases in central arterial
levels of epinephrine and the concomitant vasopressor
effect. The duration of these changes, if they occur clini-
cally, has not been well quantified. Interestingly, such
changes in PetCO2 may be potentially useful for timing
subsequent epinephrine or other vasopressor dosing or
in understanding if CPR is producing enough forward
flow to distribute intravenously administered vasopres-
sors to the systemic circulation.

Because sodium bicarbonate contains and produces
CO2, its bolus administration during CPR will cause a vari-
able but significant transient rise in PetCO2. The timing of
this increase is within 1 minute of administration, and it
usually lasts for�2 minutes depending on whether minute
ventilation changes.76

End-tidal CO2 can be used as a feedback to optimize
chest compressions during CPR. Monitoring PetCO2

during cardiac arrest may detect unrecognized fatigue in
the CPR provider.61,77 Since an effective threshold for chest
compressions has been demonstrated, PetCO2 may be of
value in detecting compression thresholds, with either
manual or mechanical chest compressions.78,79 Changes in
pulse pressure as detected by palpation of CPR-produced
peripheral pulses do not necessarily correlate with flow.7

PetCO2 on the other hand provides evidence of improve-
ments or deterioration in real-time forward flow, given that
the possible effects of bicarbonate and vasopressor agents
on PetCO2 are recognized. One effective strategy might be
to perform CPR at a rate and compression depth to
produce maximum PetCO2 values. Chest compressions
need not be halted during CPR to palpate pulses if PetCO2

monitoring is performed.
In cases of mechanical causes of PEA, PetCO2 monitor-

ing should be valuable in indicating the immediate

success of such therapeutic maneuvers as needle decom-
pression of tension pneumothorax, pericardiocentesis for
relief of cardiac tamponade, or fluid resuscitation for
hypovolemia. PetCO2 monitoring might also be (deemed
to be) helpful in determining which patients with PEA
have true electromechanical dissociation versus those
with significant cardiac contractions, but in whom a pulse
cannot be palpated due to obesity, vasoconstriction, or
hypothermia. Paradis et al. found that a significant
number of patients with PEA had arterial pulse pressures
when monitored invasively, with several patients having
systolic blood pressures of 90 mmHg.8 PetCO2 monitoring
would have demonstrated values significantly greater
than 0 mmHg in these patients when no chest compres-
sions were performed.

Several investigators have reported PetCO2 values
during CPR that may offer prognostic information con-
cerning chances of obtaining ROSC. These include aver-
aging PetCO2 values over 20 minutes of resuscitation,
taking initial and maximal PetCO2 values, measuring
PetCO2 changes after epinephrine administration, and
measuring PetCO2 values during resuscitation of various
presenting rhythms such as asystole or PEA.80–85 Levine
and colleagues have demonstrated that a PetCO2 value of
�10 mmHg after 20 minutes of resuscitation in out-of-
hospital cardiac arrest with PEA has a 100% predictive
value of no ROSC.84 Similar results have been observed in
other out-of-hospital studies, as well as in the in-hospital
setting.74,75,81,82 Others have demonstrated that an initial
PetCO2 value of�15 mmHg has a 91% predictive value for
no ROSC. The use of high-dose epinephrine (
10 mg)
changes, but does not eliminate, the ability of PetCO2 to
predict ROSC. Two studies have demonstrated that reduc-
tions in PetCO2 after epinephrine administration result in
positive predictive values for ROSC ranging from 29% to
53% and negative predictive value ranging from 92% to
100%.74,75 Nonetheless, it should be remembered that
epinephrine doses of�1 mg may decrease or have no
effect on PetCO2.75

Although no formal guidelines or recommendations
have been made by any organization concerning the use
of PetCO2 to guide CPR efforts, the following is suggested.
For PetCO2 �10 mmHg, the clinician should modify the
ongoing resuscitation. Standard CPR should be enhanced
(e.g., by increased rate or depth of compression). If, despite
optimal performance of CPR, PetCO2 values remain
�10 mmHg and the clinical scenario warrants aggressive
intervention, the clinician should consider an alternative
method of CPR, such as open chest cardiac massage. If,
despite optimal resuscitative efforts, the PetCO2 cannot be
raised to�10 mmHg and the patient’s dysrhythmia is not

Cardiac arrest resuscitation monitoring 707



amenable to electrical therapy, ceasing resuscitation efforts
in a normothermic arrest patient should be considered.76

Because values are low during CPR and mixed venous
PCO2 is so high, ROSC should be immediately detected by
significant increases in PetCO2. Indeed, PetCO2 values have
been shown to be the first changes noted after ROSC.76,86,87

Upon ROSC, there is a rapid rise in PetCO2 that will gener-
ally overshoot values of 40 mmHg. This overshoot stems
from the large tissue and venous respiratory acidosis that
has existed since the onset of arrest. Elevated PetCO2 may
persist for some time as CO2 is washed out of various tissue
beds. PetCO2 monitoring can be helpful at this time in
adjusting minute ventilation as a guide to bringing PaCO2

back to baseline, because ROSC will reduce deadspace
back to levels where PetCO2 can be used to estimate PaCO2.
This will assist in using ventilation to control systemic pH.
Similarly, PetCO2 monitoring can help detect deterioration
in perfusion after resuscitation. Sudden reductions in
PetCO2 after ROSC when no changes in ventilation have
been made can be interpreted as significant deterioration
in cardiac output, consistent with returning to a state
below DO2crit.63,65 In these instances, re-arrest is likely to
be imminent if no action is taken.

In summary, PetCO2 monitoring is an ideal tool for use
during CPR and in the postresuscitation period because of
its linear relationship with cardiac output in low flow states
and the relationship between cardiac output and critical
perfusion pressures such as CPP and CePP. Its link with
these central hemodynamic events during CPR allows real-
time changes to be detected within seconds of interven-
tions, given current cardiac arrest treatment protocols. For
diagnostic and treatment decisions, PetCO2 monitoring
during CPR should be carried out with devices that use
infrared technology, so that quantitative values can be
obtained and the capnogram can be inspected. Figure 38.6
provides several examples of PetCO2 monitoring during
cardiac arrest by use of time-compressed capnography.

Cardiac output and oxygen consumption monitoring
There are now numerous invasive and non-invasive means
to monitor cardiac output, ranging from traditional ther-
modilution methods with the pulmonary artery catheter to
less invasive methods that utilize impedance (impedance
cardiography), esophageal Doppler technology, rebreath-
ing of CO2 (CO2 Fick method), and others.88–91 Although the
use of non-invasive methods to measure cardiac output
during CPR is tempting, the efficacy of such an approach is
questionable, especially in light of the proven utility of
PetCO2 monitoring described above. If the goal of CPR is to
produce the highest cardiac output and CPP to achieve
ROSC in the shortest period of time, it would be difficult to

justify actual cardiac output monitoring during CPR.
Furthermore, given the low cardiac outputs and motion
that CPR produces, it is doubtful that any cardiac output
readings obtained with these techniques would have the
required accuracy and precision to be useful.

Cardiac output monitoring may be more useful in the
postresuscitation setting as a means to recognize cardiac
dysfunction and to optimize global DO2. Use of cardiac
output as an end-point per se is ill-advised since significant
end-organ hypoperfusion can exist despite normal and
even supernormal cardiac output.92–98 Instead, cardiac
output monitoring may be more appropriately used as a
guide to volume resuscitation in determining optimal
preload (volume challenges provided until no further
increase in cardiac output is obtained). In addition, its use
in conjunction with markers of end-organ perfusion (dis-
cussed below) may assist in identifying the points in which
pharmacologic therapy to increase cardiac output have
been maximized and, in turn, the need to institute addi-
tional circulatory adjuncts such as intra-aortic balloon
pumping. The method of cardiac output monitoring used
is less important than how and when it is used.

Measurement of VO2 in states of critical illness is very
underutilized. Although its use during CPR will be unin-
formative since a state of severe DO2-dependent VO2 is
present, its use during the postresuscitation phase of care
has shown promise in predicting survival. There are two
major methods of measuring VO2: 1; the use of the indirect
or reverse Fick method which requires insertion of a pul-
monary artery catheter for determination of cardiac
output and the arterial to mixed venous difference in
oxygen content; and 2, the use of indirect calorimetry. The
latter is believed to be more accurate, because it elimi-
nates the potential for mathematical coupling of VO2 with
cardiac output that is thought to occur.1 In addition, it
takes into account actual oxygen utilization of the lung
itself, which can be substantial in some situations.99

Rivers et al. have reported the use of VO2 monitoring after
cardiac arrest and found that failure to achieve of VO2

greater than 90 ml/min per m2 within the first 6 hours of
arrest was associated with 100% mortality at 24 hours after
ROSC.53 There appear to be two reasons for this. First there
is as expected a component of cardiogenic shock in which
DO2 is impaired in relation to the amount of cardiac output.
Importantly but under-recognized, however, is that the
oxygen extraction ratio in these individuals is lower than
expected and is accompanied by venous hyperoxia.53,54 This
indicates the likely presence of an impairment in microcir-
culatory DO2 because of microcirculatory occlusion or
shunting, which contributes to the accumulation of a fatal
level of oxygen debt.
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Fig. 38.6. Capnogram tracings of PetCO2 during cardiac arrest and CPR. (1) Effect of rescuer fatigue is demonstrated at point A. Point B

demonstrates the effect of changing to a new chest compression provider. (2) Patient with pseudo-EMD. At point A the patient is pulsless

but has persistent PetCO2 value of 20 mmHg without chest compressions; at point B, chest compression is restarted; at point C, a dopamine
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pulses are palpated at point B. (4) Point A shows a transient rise in PetCO2 just after an intravenous bolus of sodium bicarbonate.60,76



A very valuable surrogate of VO2 monitoring is mixed
venous (SvO2) or central venous (ScvO2) hemoglobin
oxygen saturation monitoring. The use of mixed venous
hemoglobin oxygen saturation (SvO2) has long been advo-
cated as a means to detect tissue hypoxia in the critically ill
or injured patient since it is a reflection of oxygen extrac-
tion which, in turn, reflects the adequacy of DO2.93 Normal
values average 75%. SvO2 reflects the aggregate balance
between tissue oxygen delivery and consumption or the
extraction ratio of all tissues, and thus reflects global DO2

(Fig. 39.1). It is not difficult to understand the potential
value of such a measure as an early warning system in
identifying reductions in DO2 before DO2crit, as well as the
need for increasing DO2 even after a state of VO2-indepen-
dent DO2 is reached. Nevertheless, placement of a pul-
monary artery catheter is difficult in the immediate
postresuscitation period (and may not be needed) and
impossible during CPR. Although not truly mixed, a suit-
able surrogate of SvO2 may be ScvO2 monitoring.100–103

ScvO2 has been advocated for use during CPR.100 Similar to
tissue CO2 measurements, ScvO2 values will be signifi-
cantly below baseline, demonstrating maximum oxygen
extraction. Rivers and colleagues have found that similar
to CPP thresholds, there appears to be a ScvO2 threshold
below which patients undergoing CPR cannot be resusci-
tated. In their studies, no patient with an ScvO2 of less than
30% could be resuscitated. All but one patient who
achieved ROSC obtained an ScvO2 during CPR of at least
40%. These findings should reflect the adequacy of DO2

from a cardiac output produced during CPR. Unfortu-
nately, the study by Rivers did not report simultaneous
PetCO2 levels and thus it is unclear if ScvO2 monitoring
would have any significant advantage over PetCO2 moni-
toring during cardiac arrest that would justify its use.

Similar, however, to some of the tissue-specific methods
of monitoring discussed below, the real value of ScvO2 or
SvO2 monitoring will likely be in the postresuscitation
setting as a means to exclude occult tissue hypoxia and to
determine the adequacy of DO2. Of special note is the
ability of the technique to detect venous hyperoxia as a
manifestation of severe microcirculatory injury, especially
after high dose vasopressor use.53 In this setting, ScvO2

levels are noted to be significantly elevated in the pres-
ence of elevated lactate levels, indicating that significant
shunting is likely.53,104 In this setting, the body is not con-
suming oxygen (again likely to be due to problems with
microcirculatory DO2) and measures that increase micro-
circulatory DO2 must be considered quickly before
fatal levels of oxygen debt are reached. Such measures
might include intra-aortic balloon pumping, use of
vasodilators, or use of extracorpreal circulation tech-

niques. Although studies examining the use of both
SvO2 and tissue-specific indicators of oxygenation, for
example, gastric tonometry in other shock states such as
trauma and sepsis (discussed below), have demonstrated
the superiority of tissue-specific measures over SvO2, these
studies have not applied the techniques very early. It is
therefore unclear whether there would be cases in the
immediate post-arrest period where ScvO2 would be
normal, but tissue-specific measures would be abnormal.
The transition from perfusion-limited shock states (hem-
orrhage, cardiogenic) to those associated with signifi-
cant inflammation (sepsis) make the interpretation of
SvO2, ScvO2, and tissue-specific measures such as gastric
tonometry more difficult.92,93,105 Recent evidence suggests,
however, that early use of ScvO2 will be able to identify sig-
nificant tissue hypoxia (much of it occult) and will be
useful as an end-point to guide treatment, in addition to
identifying states of venous hyperoxia after cardiac
arrest.53,103,106 The technique has the added advantage of
allowing the user to monitor central venous pressure and
thus assist in optimizing preload.

Ultrasound
Rapid access and use of ultrasound in the emergent setting
is becoming more common, given advances in the quality
and portability of devices. In the setting of cardiac arrest,
ultrasound can rapidly assist the clinician in distinguishing
between true electromechanical dissociation (EMD) and
pseudo-EMD during treatment of PEA. It will also assist the
clinician in diagnosing other causes of PEA or arrest, such
as pericardial tamponade (in addition to guiding pericar-
diocentesis), and in diagnosing exsanguinating intra-
abdominal or intrathoracic hemorrhage. Special ultrasound
variations such as transesophageal echocardiography,
which provide higher resolution visualization of the heart
and mediastinal structures, may be useful in identify-
ing other causes of cardiac arrest, such as pulmonary
embolism or aortic dissection and in detecting severe val-
vular abnormalities.107 Lastly, the use of ultrasound for
echocardiography in the postresuscitation period could be
extremely helpful in judging the degree of post-arrest
myocardial dysfunction and in making decisions on how to
assist the failing heart. Ultrasound may also assist in vascu-
lar cannulation of central vessels, when “blind” cannulation
by use of anatomical landmarks, is unsuccessful.108,109 The
major limitations to the use of ultrasound in the settings
above are the experience and skills of the operator. Making
the diagnosis of pericardial tamponade or intraabdominal
hemorrhage will require less skill than determining the
degree of myocardial dysfunction in the postresuscitation
setting.
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Tissue-specific monitoring

Figures 38.1 and 38.5 demonstrate that the biphasic rela-
tionship between VO2 and VCO2 with DO2 exists not only for
the whole body, but also for individual organ systems, which
may have DO2 crit values that differ from whole body
DO2crit. Studies have demonstrated, for example in hemor-
rhagic shock, that the DO2 crit of the splanchnic bed occurs
at a higher global DO2 than the DO2crit of the whole
body.69,110,111 As noted earlier, however, cardiac arrest imme-
diately results in a state of profound delivery-dependent
VO2, so that all organ systems are immediately past their
DO2crit values. Therefore, each would show evidence of
profound tissue hypoxia and flow stagnation as represented
by very low venous hemoglobin oxygen saturations and ele-
vated venous or tissue CO2 levels. The advantage of moni-
toring one tissue over another in this setting is difficult to
defend. Nevertheless, tissue-specific monitoring in the
postresuscitation setting may make sense based on the
characteristics of the tissue and the goals to be achieved.

Tissue CO2 monitoring
Several options that are available to monitor tissue CO2

have been studied in various shock states. These include
transcutaneous CO2 (PtcCO2) skin monitoring, intersti-
tial fiberoptic PCO2, gastric mucosal CO2 via gastric tonom-
etry (PgCO2), and most recently sublingual tonometry
(PslCO2).93,112–120 PtcCO2, PgCO2, and PslCO2 are non-inva-
sive, whereas interstitial PCO2 monitoring requires inser-
tion of a probe into tissue parenchyma. Details of how CO2

is actually measured by these techniques have been well
described.93 All of these methods are based on the diffusion
of CO2 from tissue: each will reflect the balance among
supply of CO2 to the tissue, CO2 production by the tissue,
and CO2 removal of the tissue. This balance does not mean
all tissue compartments contribute equally. Values are a
composite of vascular and interstitial levels in the immedi-
ate environment of the sensor. Since the majority of blood
volume in tissues is venous (approximately 70%), the tissue
CO2 concentrations will mainly reflect venous PCO2 con-
centrations.121,122 The ability of these measures, however, to
reflect the balance between DO2 and VO2 or to reflect per-
fusion pressures or other real-time hemodynamic changes
during CPR has not been studied. The highest CO2 concen-
trations that can be reached in each tissue after cardiac
arrest in humans are not known, but in animal models,
some tissue beds reach levels well over 100 mmHg.123 The
majority of CO2 accumulation in each tissue will be sec-
ondary to the inability to remove CO2 that was being
produced aerobically prior to ischemia. As mentioned pre-
viously, additional CO2 will be produced in response to

metabolic acids (mainly lactate) produced after the onset of
ischemia by the cells as they are buffered by endogenous
bicarbonate stores. Interpretation of real-time changes in
tissue PCO2 in response to interventions will be challenging
compared to use in other shock settings in which there is
significantly more flow and more time for trending. If
improvements in forward flow are not accompanied by
an increase in minute ventilation, arterial PCO2 will be
increased; thus, more CO2 will be delivered to the tissue.44

Use of vasopressors to improve CPP and CePP will most
likely result in decreases in peripheral tissue flow, thus
potentially further reducing removal of CO2 during CPR. It
is doubtful that tracking tissue CO2 changes will be mean-
ingful during the short duration of cardiac arrest, especially
given the redistribution of blood flow that occurs during
CPR and in response to vasopressor administration.
Response times are unlikely to be rapid enough to guide the
resuscitation effort. Although this seems counterintuitive
on the basis of the previous discussion of PetCO2 monitor-
ing, it must be remembered that PetCO2 reflects CO2 at the
end of its journey from the tissue beds. Its rapid breath-by-
breath analysis makes its response time to interventions
difficult to improve upon. The only thing that can be said
with certainty is that, upon ROSC, tissue PCO2 should
decline rapidly as CO2 is removed from previously stagnant
tissue beds and aerobic metabolism is reestablished.

The real value of tissue CO2 monitoring will be in the
postresuscitation phase of care, where it can assist in
assuring resolution of end-organ perfusion abnormalities.
PgCO2 and perhaps PslCO2 may be particularly helpful. It is
known that the splanchnic bed is particularly sensitive to
reductions in systemic blood flow, in part because the
responsiveness of its vasculature to the myriad of vasoac-
tive mediators associated with shock.124,125 Of special
concern in the victim of cardiac arrest are the mediators
angiotensin II, vasopressin, endothelin, and epinephrine.
Endogenous levels of these agents are significantly ele-
vated during shock and will be even higher in the post-
resuscitation phase, if vasopressin and epinephrine are
administered during the arrest to achieve ROSC or in the
postresuscitation period to maintain blood pressure.126,127

These and other vasopressor agents provided for blood
pressure support in shock states have been shown to con-
tribute to ischemia in intestinal mucosa.124,128 This, in turn,
has been hypothesized to lead to a breach of the intestinal
mucosal barrier, allowing bacteria and other toxic media-
tors into the systemic circulation, which leads to sepsis and
multisystem organ failure.129–133 This paradigm, which is
generally accepted in other shock states, has not been well
studied in the setting of cardiac arrest.125 The postresusci-
tation experience of patients who received vasopressin
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during CPR has not been well described and no clinical
studies regardless of vasopressin use have been reported
that have examined the incidence of splanchnic hypoper-
fusion or ischemia as determined by PgCO2 monitoring.
Nonetheless, the need for vasopressor support in the post-
resuscitation phase is high and will be complicated by sig-
nificant cardiogenic shock. Monitoring of splanchnic
blood flow by either PgCO2 or PslCO2 as performed in other
shock states makes sense, especially in the very early stages
of postresuscitation care since, as with other shock states,
there is clear evidence that occult splanchnic ischemia can
exist in the presence of normal systemic variables, such as
blood pressure, heart rate, cardiac output, and mixed
venous hemoglobin oxygen saturation.92,134,135

PgCO2 monitoring has been used successfully to guide
resuscitation of trauma patients and those with septic and
cardiogenic shock.95,115,136 This technique essentially moni-
tors intraluminal CO2 that has diffused into the stomach
from the stomach mucosa. A modified nasogastric tube
containing a CO2-permeable balloon is placed in
the stomach. Air is intermittently circulated through the
balloon. CO2 diffuses from the mucosa into the balloon
where it is circulated proximally and measured via an
infrared detector in the same manner as PetCO2. This CO2

value has been used previously to estimate the intramu-
cosal pH (pHi) by substituting it for arterial CO2 in the
Henderson-Hasselbalch equation. Use of this formula
assumes that arterial HCO3

� and mucosal HCO3
� are equiv-

alent. pHi values of less than 7.32 are considered abnormal.
The technique also assumes constant minute ventilation. A
more robust use of the technology involves PgCO2 – PaCO2

or PgCO2 – PetCO2 gap to detect abnormalities in perfusion
since this does not require the previous assumptions
regarding HCO3

� and, in addition, does not require strict
maintenance of normocapnia, because since hypo- or
hyperventilation, although affecting PgCO2, will not affect
the gap. Given that the arterial to alveolar PCO2 gap is
approximately 4 mmHg, it is thought that a PgCO2 – PaCO2

or PgCO2 – PetCO2 gap of 11–14 mmHg is abnormal and
reflects perfusion abnormalities.116 Although the response
time of current PgCO2 methodologies will not permit their
use during CPR, they should prove to be quite valuable
during the postresuscitation period. As with other shock
states, normalization of the PgCO2 – PaCO2 or PgCO2 –
PetCO2 gap will help ensure that occult tissue hypoxia is not
present, thus helping to avoid further accumulation of
oxygen debt and its associated complications.

PslCO2 monitoring as a substitute for PgCO2 monitoring
to detect shock and guide its treatment is a recent devel-
opment. Several studies appear to support the premise
that the sublingual surface of the tongue may be as sensi-

tive to disturbances in perfusion as the rest of the GI tract,
perhaps because it shares the same embryonic origin as
the rest of the gut.66,67,117,137–140 This technique uses fiberop-
tic determination of CO2 within a disposable cover (similar
to an oral electronic thermometer) which allows diffusion
of CO2 from the sublingual surface into the space between
the cover and sensor. The advantage of this technique is
that the response time is faster since the sensor is more or
less in direct contact with the tissue surface as opposed to
PgCO2 balloon, which is in the middle of a large lumen (the
stomach). The disadvantage is that it is currently still diffi-
cult to perform continuous monitoring. As with PgCO2, or
any other tissue CO2 monitoring technique, the gap of the
measure with either PaCO2 or PetCO2 should be utilized in
order to avoid misinterpretation of PslCO2 in the setting of
hyper- or hypocarbia. Definitive values of this gap or of
absolute PslCO2 levels have not been determined, but it is
likely that they will not differ from those of the PgCO2 –
PaCO2 or PgCO2 – PetCO2 gap. Although use of the PslCO2 –
PetCO2 gap may have potential value in monitoring during
actual CPR, it is not likely that it will have an advantage over
simple PetCO2 monitoring. As suggested above, it is plausi-
ble that the use of vasopressors would actually increase
PslCO2, despite increasing CPP above a critical threshold
for ROSC.

Similarly, PtcCO2 monitoring of the skin and/or intersti-
tial tissue PCO2 monitoring of tissues such as skeletal
muscle may be useful in assuring resolution of end-organ
tissue perfusion abnormalities in the postresuscitation
setting. Both should be used similarly to that described
for PgCO2 and PslCO2. Continued elevations of CO2 as
measured by these methods in the presence of normo-
capnia have been associated with increased mortal-
ity.112,119,120,141,142 Of note, the technology used to measure
interstitial PCO2 is the same as that used in the develop-
ment of continuous arterial blood gas monitoring and is
thus also capable of simultaneous measurement of PO2 and
pH. The disadvantage of the technique is that it is slightly
invasive, and can only sense the environment several
micrometers from the sensor. It also requires a consider-
able calibration time (about 30 minutes).

Tissue oxygen monitoring
Similar to tissue CO2 monitoring, several options exist for
monitoring tissue oxygenation, which provides informa-
tion on the balance between DO2 and VO2 of the tissue.
These include transcutaneous PO2 (PtcO2) monitoring
from the skin, interstitial PO2 monitoring from tissue
parenchyma, and tissue hemoglobin oxygen saturation
(StO2) by using near infrared absorption spectroscopy
(NIRS). The general principles making tissue oxygenation
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monitoring potentially helpful are the same as those dis-
cussed above for tissue PCO2.

Of special interest is the use of StO2 monitoring by NIRS.
Visible light (450–700 nm) penetrates tissue for only short
distances, because it is usually strongly attenuated by
various tissue components that absorb and scatter at
these wavelengths. In the NIR spectrum (700–1100 nm),
however, photons are capable of deeper penetration
(several centimeters or more) even through bone. It is also
within this spectral region that oxygen-dependent elec-
tronic transitions of the metalloproteins hemoglobin and
cytochrome oxidase (the terminal electron acceptor in the
mitochondrial electron transport chain) absorb light.
These chromophores absorb NIR radiation differentially
based on their concentration and interaction with oxygen.
These changes in absorption can be measured by using
NIRS technology. The Beer–Lambert law provides the
physical and mathematical basis for NIRS, although it is
modified to account for the inhomogeneous media that
the NIR light traverses. The depth of penetration and
volume of tissue being interrogated by NIRS depends on
the distance between optodes. The technique of NIRS
differs from that of pulse oximetry, because pulse oximetry
targets only the arterial component of blood flow.

The basis for using NIRS to monitor the state of tissue
oxygenation is similar to that of tissue PCO2 monitoring in
that it relies on the compartmentalization of blood
volume, which in most systems is believed to be propor-
tioned among the arteriolar, capillary, and venular com-
partments in a ratio of 10:20:70%, respectively.121,122 Thus,
the values obtained by NIRS closely parallel those of
venous hemoglobin leaving the tissue. This essentially
allows it to be used in the same manner as SvO2 and ScvO2,
except that instead of representing an aggregate reflection
of the balance between DO2 and VO2 for the entire body, it
reflects the balance in an individual organ (skeletal muscle,
brain, and others). In addition to being non-invasive, the
use of StO2 monitoring may prove more sensitive than
ScvO2 or SvO2 if the organ being interrogated is sensitive to
changes in DO2. Figure 38.7 depicts the use of NIRS for
monitoring StO2 of a skeletal muscle bed.

The vast majority of NIRS technology has been used to
monitor the oxygenation status of the brain in neonates
and in adults undergoing operative procedures that may
affect the brain, such as carotid endarterectomy or car-
diopulmonary bypass.143 It is also being aggressively
studied in the setting of trauma by using skeletal muscle or
GI tract as the end-organ of interest.144–148 Normal NIRS-
derived StO2 values for brain and skeletal muscle range
from 60% to 80%. Use of NIRS during both cardiac arrest
and in the postresuscitation phase has only been reported
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overlying skin and skeletal muscle. NIRS is capable of providing
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consumption of an organ(s) by assessing the state of hemoglobin

oxygen saturation in the microvasculature, as well as intracellular
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for the brain,149–152 where special bilateral probes are
placed on the forehead. This is necessary because it
reduces the amount of skeletal muscle that the NIR light
must traverse. The NIRS spectra between hemoglobin and
myoglobin cannot be distinguished from each other. This
is important since myoglobin and hemoglobin are present
in almost equal proportions in skeletal muscle, with the
p50 for myoglobin being only 5 mmHg.153,154 There is some
evidence that, when used as an indicator of skeletal muscle
oxygenation, the NIRS signal is derived mainly from myo-
globin and not from hemoglobin within the tissue.155 This
would limit its use during CPR and potentially the postre-
suscitation period, if skeletal muscle were chosen as the
end-organ to guide resuscitation efforts. On the basis of
these issues, when used for brain oxygenation monitoring,
the NIRS signal is reported to derive from the frontal lobes.
The bilateral probes were developed to allow comparison
between the cerebral circulations of both hemispheres
during surgical procedures in which the circulation to one
hemisphere may be compromised. As expected, in many
instances, StO2 values are so low they cannot be registered.
There is some evidence, however, that during CPR, higher
cerebral StO2 values are associated with ROSC.149 This is
not surprising given the redistribution of blood flow during
cardiac arrest and the relationship between myocardial
and cerebral blood flow with CPR-produced cardiac
output described earlier. Similar to PetCO2 monitoring,
StO2 values should immediately increase upon ROSC.
Additional studies will be needed to include a larger
number of patients to determine whether, as with PetCO2

monitoring, there is a threshold cerebral StO2 value below
which victims cannot achieve ROSC. Unfortunately, no
studies to date have measured cerebral StO2 values con-
comitantly with PetCO2 monitoring to assess whether StO2

values are simply a reflection of cardiac output and there-
fore CPP and CePP, similar to PetCO2. If this is the case, it
may be hard to justify StO2 monitoring during CPR over the
technology of PetCO2 monitoring, which can also provide
information about proper airway management and
sudden hemodynamic collapse after ROSC.

It is tempting to suggest the use of cerebral StO2 monitor-
ing in the postresuscitation phase to guide therapy. Whereas
it may be a valid assumption that the circulation to the
frontal lobes during cardiac arrest is indicative of blood flow
to the rest of the brain (since the cerebral circulation is max-
imally dilated), use of cerebral StO2 monitoring during the
postresuscitation phase may be more complicated. It is well
known that the brain undergoes a complicated pattern of
heterogeneous blood flow and oxygen extraction in the
postresuscitation period along with the potential for
decreased global cerebral DO2.156–160 Although there is

potential for use of cerebral oximetry in this setting, it gave
mixed results.149,152 When compared to jugular venous bulb
oximetry (a measure of global cerebral oxygen utilization),
NIR cerebral oximetry values are higher, indicating that they
may not reflect global cerebral blood flow and oxygenation,
especially given that the majority of blood flow heterogene-
ity and damage will occur in the regions of the hippocampus
and basal ganglia, which are supplied by circulation differ-
ent from that of the frontal lobes. Because of blood flow het-
erogeneity and differences in regional cerebral metabolic
activity, it may be difficult to conclude that changes in cere-
bral StO2 values are secondary to changes in blood flow vs.
extraction due to increased metabolism. Infarction of a
region of brain tissue being interrogated may result in
increases in StO2.150 It is unclear how the use of therapeutic
hypothermia will affect the potential for NIRS use in the
brain in the postresuscitation period.

As mentioned earlier, NIR StO2 monitoring of skeletal
muscle as an end-organ during CPR or in the postresusci-
tation period will require further study. Use of NIR StO2

monitoring of the GI tract is still in the experimental stages
of development.

Although the potential exists to use NIRS to determine the
redox status of the cytochrome oxidase (the terminal elec-
tron acceptor in the mitochondrial transport chain) and
thus the point of DO2crit for the organ being monitored, this
has proven to be extraordinarily challenging, in part
because the reduced form of cytochrome oxidase does not
have an absorption spectrum, and because the amount of
cytochrome oxidase is so much smaller compared to hemo-
globin. Thus, in order to use NIRS to monitor the redox state
of the mitochondria, monitoring must take place before
changes in the redox state. This obviously limits its value for
monitoring during cardiac arrest or postresuscitation.

Direct visualization of the microcirculation
The ability to visualize microcirculatory blood flow directly
and non-invasively has recently been introduced to clini-
cal practice through the technique of orthogonal polariza-
tion spectral imaging (OPSI).161 Linearly polarized light is
used to illuminate the tissue. Because of the wavelength
used, the light is reflected by the background, and is
absorbed by hemoglobin.161–164 Optical filtration allows
elimination of the light reflected at the surface of the tissue
to produce high-contrast-reflected light images of the
microcirculation. Red cells appear dark (due to absorption
of light by hemoglobin), but vessels are not visible unless
they contain red cells. The technique works best on
mucosal surfaces. With experience, semiquantitative
information on microcirculatory hemodynamics is possi-
ble by assessing the density of functional (perfused) vessels
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within the field of view, as well as the flow of red cells.
Unfortunately, automated software is not yet available for
real-time quantitative analysis. OPSI of the sublingual area
has been used in the evaluation of the microcirculation in
patients with sepsis, cardiogenic shock, and during trans-
fusions.164–166 The technique establishes that the sublin-
gual mucosal surface is very sensitive to changes in blood
flow and that these changes reflect what may be occurring
at a more global level. Manipulation of hemodynamic vari-
ables has been shown to improve microcirculatory flow.
These have included both transfusion and vasodilation,
indicating that rapid feedback can be obtained at a local
tissue level in response to acute interventions.167,168

Its study and use in cardiac arrest is only beginning.
Whether or not it will have clinical utility during arrest and
CPR is unclear. Nevertheless, similar to its use in sepsis and
cardiogenic shock, it may have a significant role as a moni-
toring endpoint in the postresuscitation care of the patient.
This may be particularly helpful in understanding and
optimizing the effects of postresuscitation hypothermia.
Figure 38.8 demonstrates the sublingual circulation of a pig
in ventricular fibrillation and during CPR.

Ventricular waveform analysis
It has long been held that ventricular fibrillation (VF) rep-
resented a simple chaotic dysrhythmia with little structure.
It had been observed that the initial VF rhythm appeared
“coarse” and later became “fine” in appearance as the
arrest continued and that coarse VF seemed to be more
amenable to treatment than fine VF. Often defibrillation of
fine VF resulted in postcountershock asystole or PEA,
which was difficult to resuscitate. Several studies seem to
clearly indicate that deterioration of the VF waveform
occurs in response to depletion of intramyocardial high
energy phosphates, which may make it more prone to
injury from the countershock itself. Indeed, several studies
have demonstrated that treatment of VF with chest com-
pressions and epinephrine before countershock appears
to increase the chances of successful defibrillation into a
perfusing rhythm.18,19,169,170 Before the last decade, little
had been done to objectively analyze  the rhythm for pat-
terns, which could predict response to treatment.

Currently endorsed guidelines for applying a defibrilla-
tion shock, namely those proposed by the American Heart
Association and European Resuscitation Council, propose a
three-shock sequence at the earliest practical moment
when there is no detectable sign of consciousness after
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Fig. 38.8. OPSI of the sublingual mucosa of a pig during cardiac arrest (A) and during CPR (B). An increase in functional capillary

density can be seen as produced by CPR. The vessel population in the field of view represents a combination of arterioles, capillaries,

and venules.



management of airway and breathing. Thus the very nature
of these guidelines promotes delivery of defibrillation coun-
tershock without consideration of its potential harm. Such a
defibrillation procedure may ultimately result in excessive
application of electrical energy with low likelihood of suc-
cessful ROSC and increase in myocardial injury.14,16,17,171,172

Optimally, only a single electric shock should be effec-
tive. Implementing this approach would require methods
by which the success of defibrillation may be predicted
before delivery of the shock. This would allow delivery of
the least total energy at the earliest time with high proba-
bility of success.

Electrocardiographic rhythm analysis for estimating
success of defibrillation has been under investigation for
several decades as a method to minimize the risk of defib-
rillation injury and as a potential method to prioritize
interventions for early terminations of VF. The rationale for
the analysis of the VF waveform is that if VF is likely to be
terminated by defibrillation shock; it would be of benefit to
shock immediately. In contrast, an indicator of poor
success of defibrillation would guide rescue intervention
toward alternate therapies, such as precordial compres-
sion, that may improve resuscitation outcomes.

Studies linking properties of VF to defibrillation success
were demonstrated by Weaver as early as 1985.173 Weaver’s
study found an inversely proportional relationship between
the duration of VF and the amplitude and further correlation
of the survival rates of victims of cardiac arrest to the ampli-
tude. Weaver’s study also pointed out potential pitfalls in
associating VF properties to defibrillation success. For
example, electrode size, location, and chest dimension may
affect the signal amplitude, which will adversely affect the
amplitude as a reliable, single parameter measure.

Other investigators adopted alternative approaches
characterizing VF frequency properties, which alleviated
many of the problems associated with reliance on ampli-
tude alone.174–179 These “frequency domain” approaches
share a common background in decomposing the electro-
cardiogram into a spectrum by orthogonal transformation,
such as Fourier or Wavelet. Still other investigators imple-
mented methods that deviated from quantification by
transform or pure amplitude. Menegazzi and Callaway
recently developed a fractal technique of “scaling expo-
nents” to predict defibrillation success. A VF signal is ana-
lyzed for its relatedness to minute changes in VF. The more
random and unrelated an incoming VF signal is in relation
to its present position in “time,” the higher the score will be
and less likely the success of defibrillation.180,181 This is
consistent with anecdotal observations that coarse VF, a
more easily convertible rhythm, is somewhat less random
and more predictable than is fine VF.

Eftestol demonstrated a method of incorporating multi-
variate information to a single variable ((PROSC (v)), the
probability of successful defibrillation).176,182 This method
selects a combination of features such as centroid fre-
quency, peak power frequency, spectral flatness and
energy that would produce the highest prediction of sensi-
tivity and specificity. The usefulness of PROSC may be
improved by adding new features to existing sets and
searching for the combination that provides the best pre-
dictable performance.

Similarly, amplitude spectrum area (AMSA) combines
amplitude and frequency in the frequency domain accord-
ing to the following equation:

Ai is defined as the magnitude of the complex Fourier coef-
ficient of the transformed VF waveform. Fi is defined as the
frequency of the complex Fourier coefficient.177, 178

In a retrospective study by Eftestol, positive changes in
PROSC were observed in patients who were successfully
defibrillated to ROSC while there were no increases in
PROSC in patients who were defibrillated but were not
resuscitated.183 AMSA derived by Marn-Pernat on experi-
mental animals without interrupting precordial compres-
sion was confirmed by Povoas, who utilized real-time
monitoring with sensitivity and specificity of 0.90.177,178

During CPR, a progressive increase in the AMSA was
observed and correlated well with coronary perfusion
pressure (Fig. 38.9).178

Both PROSC and AMSA therefore support the notion that
VF waveform analyses and especially the trend of sequen-
tial values can identify thresholds for predicting the
success of electrical defibrillation. These indicators can
also serve as quality control for cardiopulmonary resusci-
tation during uninterrupted chest compression, with the
anticipation of achieving more successful defibrillation.
These objective measurements integrated in existing AEDs
would then eliminate the current empiricism of delivering
repetitive electrical shocks that cause myocardial injury. If
the likelihood of successful defibrillation is remote, the
rescuer can be guided accordingly and especially empha-
size the importance of precordial compression to improve
myocardial blood flow and myocardial oxygen delivery
before the next attempt at defibrillation.

The attractiveness of using spectral analysis of the VF
waveform is its apparent direct link to myocardial blood
flow (demonstrated in animal models).184 This will be par-
ticularly important in humans where significant coronary
artery occlusions may exist that impede myocardial blood
flow, despite what appears to be good CPR-produced
cardiac output and CPP based on PetCO2 analysis.

AMSA �  �AiFi
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Use of VF analysis tools is limited to VF and will thus not
be helpful in gauging the response of asystole, PEA, or
pulseless ventricular tachycardia to treatment, nor will it
predict outcome. An important aspect of VF waveform
analysis technology that requires study is its performance
in settings where VF is not the initial rhythm encountered,
or in which patients have repetitive episodes of VF with
intervening rhythms, including ROSC followed by refibril-
lation. Despite this, incorporation of this type of technol-
ogy in defibrillators including AEDs holds great potential
to improve outcomes from VF. Although the data are com-
pelling, this technology awaits a definitive prospective
trial. The major impediment to use of such technology will
be the mammoth re-education of health care providers
who have been taught for decades to defibrillate first and
then provide adjunctive treatments.

Postresuscitation monitoring

Resuscitation of the cardiac arrest victim does not end
with ROSC. The immediate post-ROSC period represents
a complex shock state with components of both tradi-
tional cardiogenic shock from ischemia, and microvascu-
lar shunting due to vasopressor use and occurrence of
microthrombi. It is during this time that rapid institution
of both global and tissue-specific goal-directed measures

of oxygen transport should take place to optimize the
potential for both satisfactory cardiovascular and neuro-
logic outcomes. The reader is again referred to Figs. 38.1,
38.4, and 38.5. The time of ROSC does not ensure that a
state of VO2-independent DO2 exists. Thus, the clinician
must institute such monitoring techniques that can assist
in assuring that both overt and occult tissue hypoxia is
being resolved. The importance of this cannot be overem-
phasized. Both animal and clinical studies have demon-
strated the effect of cumulative oxygen debt on mortality
or in developing significant morbidity including multi-
system organ failure. Studies in critically ill surgery
patients demonstrate little or no mortality when oxygen
debt is less than 4100 ml/m2. Mortality increases to 50%
and 95% when cumulative oxygen debt is 4900 ml/m2 and
5800 ml/m2, respectively.4,5 In contrast, for a 70-kg indi-
vidual with a baseline VO2 of 120 ml/min/m2, a 30-minute
cardiac arrest would create an oxygen debt of only
3600 ml/m2. Rivers has shown that significant additional
oxygen debt that cannot be quantified by blood pressure
and other conventional means can accumulate after
ROSC.53,54 It is thus apparent that significant ongoing
accumulation of oxygen debt is possible during the
postresuscitation period. Deferring aggressive postresus-
citation care until, for example, the patient is moved from
the emergency department into the intensive care unit is
ill-conceived and could allow patients to develop cumu-
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lative oxygen debts, which are not consistent with
prolonged survival.

Although there are many end-points to choose from,
those that can be instituted rapidly within the first minutes
of ROSC are preferred, and may be able to guide the clini-
cal team as to whether additional monitoring and therapy
are warranted. Our preference is to use a combination of
global and tissue-specific techniques in a goal-directed
fashion. The techniques and principles discussed are
applicable to all forms of initial resuscitation including
trauma. Table 38.1 lists those end-points that should be
considered during CPR to gauge the effectiveness of the
resuscitation, as well as end-points that might be consid-
ered to optimize the postresuscitation effort. Although
many may consider these experimental, they are far more
objective and sensitive than the use of traditional heart
rate and blood pressure monitoring. The effect of thera-
peutic hypothermia on these variables has not been well
studied. Reduced global oxygen demand should be one
favorable aspect, thus making it potentially easier to reach
a state of VO2-independent DO2, especially in the face of
reduced myocardial function.
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Non-fibrillatory cardiac arrest is a term used to encompass
the defined cardiac arrest rhythms, pulseless electrical
activity (PEA) and asystole, arrest rhythms that are distinct
from ventricular fibrillation or pulseless ventricular tachy-
cardia. Until recently, the term electromechanical dissoci-
ation (EMD) was used in place of PEA. EMD was defined as
the presence of electrical complexes without accompany-
ing mechanical contractions of the heart. Several studies
have demonstrated that often during EMD arrest there
actually is mechanical cardiac activity associated with the
electrical complexes seen on a cardiac monitor.1,2 PEA,
defined as organized electrical activity with the absence of
clinically detectable pulses, is thus a physiologically more
appropriate terminology. Patients in asystole, by defini-
tion, have no discernible ventricular activity by electro-
cardiography or ultrasonography, and no associated
perfusion. This chapter will focus on the diagnosis and
treatment of PEA subsets.

The incidence of PEA during cardiac arrest appears to be
changing. Prior to 1990, PEA was reported to be the initial
presenting rhythm in approximately 20% of hospitalized
patients who are monitored at the onset of cardiac arrest
and 16.5% of patients who present to a prehospital system
in cardiac arrest.3,4 Several recent studies have reported
the incidence of PEA to be 35%–40% of all in-hospital
resuscitation events.5–7 Data from the Ontario province
advanced life support (OPALS) study found over a 4-year
study period an increasing PEA incidence of 19.9% to
24.5%, with a coexisting shortened EMS system response
time.8 The OPALS group further demonstrated a 50.1%
incidence of PEA arrests in the subgroup of patients that
arrested after the arrival of EMS.9 A Swedish longitudinal
study demonstrated that the incidence of PEA increased

from 6 to 26% over a 17-year study period (1980–1996)
with an associated shorter EMS response time and an
increased rate of bystander cardiopulmonary resuscita-
tion.10 Approximately 20% of PEA patients are successfully
resuscitated, and 2–4.4% are discharged from the hospital
alive.11,12

The reasons for the changes in incidence of PEA are
unclear, but may be related to our improved diagnostic
capabilities for detecting coronary artery disease.13

Ventricular fibrillation (VF) is the most common present-
ing rhythm in patients with sudden cardiac death due to
CAD. As our abilities to detect previously undiagnosed
CAD improve, the incidence of sudden death related to
this disease decreases. One theory, then, is that the decline
in the rate of VF may be leading to a relative increase in
the incidence of alternative cardiac arrest rhythms such
as PEA.

Patients in PEA present with a spectrum of perfusion
states that range from hypotension to complete absence of
perfusion.1 Approximately 80% of patients have visible
echocardiographic myocardial wall motion correlated
with electrocardiographic (ECG) complexes.2 Between 40
and 50% of patients may have demonstrable aortic pres-
sure if invasive central monitoring is accomplished.1

Pseudo- and true pulseless electrical activity

One of the most significant advances in understanding the
spectrum of perfusion states in PEA is the recognition of
pseudo- and true PEA.1 Pseudo-PEA patients tend to be
younger, have a shorter time from onset of cardiac arrest,
and a higher frequency of witnessed arrests.1,11 Patients
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in pseudo-PEA receiving cardiopulmonary resuscitation
also have a higher measured coronary perfusion-pressure
when compared with patients in true PEA.1 This informa-
tion supports the contention that patients in pseudo-PEA
have a less deranged pathophysiologic state and may be
more amenable to resuscitation. Patients with pseudo-PEA
are more likely to have a return of spontaneous circulation
with standard doses of epinephrine than are patients in
true PEA4. In one study, 14 (77%) of 18 patients with
pseudo-PEA who received high-dose epinephrine had
return of spontaneous circulation.1

For these reasons, rapid differentiation of pseudo- and
true PEA may assist the clinician in the choice, duration,
and intensity of therapeutic intervention, possibly
improving patient outcome. Consideration of electro-
cardiographic characteristics may assist differentiation.
PEA patients who are resuscitated successfully have
average QRS widths less than or equal to 0.09 �/– 0.04
second and frequently have normal initial Q-R deflec-
tion (Fig. 39.1, Tables 39.1–39.3 from past chapter).1,11

Furthermore, no patient in pseudo-PEA had a QRS inter-
val or initial deflection in the QRS of greater than 0.2
second.1 Despite the strong correlation between normal
duration of the QRS and pseudo-PEA, there is significant
overlap.1 Immediate emergency department echocardio-
graphy, placing a Doppler probe over the femoral artery,
or rapid placement of a peripheral arterial line or central
monitoring arterial catheter, can differentiate true from
pseudo-PEA.

Causes of pulseless electrical activity

PEA frequently results from a primary condition that pro-
foundly decreases preload or afterload, or causes severe
inflow or outflow obstruction. The primary disorder results
in hypoxia, acidosis, and increased vagal tone, which, if not
rapidly reversed, affect the strength of myocardial contrac-
tion, resulting in PEA. The most common cause of PEA is
severe respiratory insufficiency or respiratory arrest,
reported in as many as 53% of PEA cases.4 Mechanical
causes of PEA are so classified because their etiology is
related to anatomical structure and their resolution requires
mechanical intervention. Tension pneumothorax causes a
reduction in venous return to the heart and may be resolved
with needle or tube thoracostomy. Cardiac tamponade may
critically reduce left ventricular filling and may resolve with
pericardiocentesis. Auto-positive end-expiratory pressure
(PEEP) results in increased alveolar pressure and air trap-
ping in ventilated patients with bronchospastic pulmonary
disease. Under these circumstances, decreasing inspiratory
volumes and respiratory rates decreases excessively high
intrathoracic pressure (which impedes venous blood return
to the heart) and may circumvent cardiovascular collapse.

Hypovolemia is the primary cause of PEA in 4%–5% of
patients.4 Massive pulmonary embolism is responsible in
1%–5%.4,14 Numerous causes of direct myocardial dysfunc-
tion result in PEA. Acute myocardial ischemia can cause
ventricular “stunning,” or acute myocardial infarction may
result in a critical loss of myocardial contraction. This has
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Fig. 39.1. Simultaneous aortic arch pressure (expressed in millimeters of mercury) and lead II ECG from patient in pseudo-PEA. Total

QRS duration of 0.12 msec or less and especially a normal duration of initial QR deflection are more frequently seen in patients with

pseudo-PEA. (From ref. 1.)



been variably reported in 13% to 60% of non-fibrillatory
arrest patients.4,15,16 Decreased left ventricular contraction
from severe congestive heart failure may produce
hypotension, causing decreased coronary perfusion that
further impairs myocardial function, resulting in greater
hypotension and onset of PEA. Ingestion of drugs such as
tricyclic antidepressants, �-blockers, calcium channel
blockers, and digitalis, all of which have direct cardiotoxic
effects, may result in PEA. Hyperkalemia reduces cardiac
conduction and decreases inotropic activity of the heart.
Hypothermia has similar effects.

Postdefibrillation pulseless electrical activity 
and asystole

Patients who experience immediate PEA after counter-
shock from ventricular fibrillation were thought to have a
better prognosis than patients in whom defibrillation fails
to produce any organized rhythm.17 The development of
postdefibrillation PEA was thought to represent a transient
recovery rhythm that in many cases improved spontan-
eously, leading to the appearance of pulses, supraventricu-
lar activity, stabilization of hemodynamic status, and
possible long-term survival.17 More recent data, however,
suggest that the outcome of these patients is actually worse
than in those found in primary PEA or asystole. In a 5-year
retrospective study, Niemann et al. compared the outcome
of a group of patients found in VF and defibrillated into PEA

or asystole to a group of patients found in PEA or asystole
prior to EMS interventions.18 Return of spontaneous circu-
lation and survival to hospital admission was more likely in
those found in primary PEA and asystole. Survival to hospi-
tal discharge was not significantly different between the
groups.

Initial diagnostic maneuvers

Rapid identification of PEA subsets and reversible
causes of non-fibrillatory cardiac arrest

A rapid search for reversible causes of PEA should be
undertaken while resuscitative efforts are being initiated.
Potentially reversible causes include: severe respiratory
insufficiency, tension pneumothorax, cardiac tampon-
ade, auto-PEEP, hypovolemia, pulmonary embolus, acute
myocardial infarction, congestive heart failure, drug
ingestions such as tricyclic antidepressants, �-blockers,
calcium channel blockers, and digitalis, hyperkalemia, and
hypothermia.

Hints to the etiology of the arrest may be obtained
through the history and physical examination, and should
be acted upon aggressively in order to restore coronary
perfusion pressure and spontaneous circulation.
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Table 39.1. Unsuccessful vs. successful resuscitations

Group a Rate Presence of P waves (%) QT interval (s) QRS interval (s)

Group I (n�405) 55�27  b 21.0 b 0.56�0.2     b 0.12�0.06 
b

Group II initial (n�98) 75�45 42.9 0.46�0.21 0.09�0.04

Group II final (n�98) 114�36  
b

60.0   
c

0.40�0.11  
c

0.09�0.03

a Group I, unsuccessful resuscitations; group II, successful resuscitations.
b P�0.01.
c P�0.04.

}} } }
} }}

Table 39.2. Duration of ECG components in patients with
true PEA and pseudo-PEAa

True PEA Pseudo-PEA P

QR 0.19�0.13 (0.04–0.56) 0.07�0.05 (0.02–0.20) 0.0004

RS 0.12�0.08 (0.05–0.24) 0.09�0.05 (0.04–0.24) 0.5

QRS 0.24�0.12 (0.11–0.56) 0.12�0.06 (0.04–0.26) 0.006

a Values are durations expressed in seconds, with range in

parentheses.

Table 39.3. Characteristics of patients with true PEA and
pseudo-PEA

Characteristic True PEA Pseudo-PEA P

Age (yr) 71�15 65�15 0.7

Total arrest time (min) 25�11 21�13 0.44

Witnessed arrests 22/55 26/39 0.01

PO2 (mm Hg) 237�168 310�134 0.03

PCO2 (mm Hg) 34�23 24�16 0.04

pH 7.23�0.25 7.23�0.25 0.7

Coronary perfusion 9.9�11.5 19.2�9.5 �0.0001

pressure (mm Hg)



Clinical approach

History

Prehospital providers, the patient’s family, medical records
if immediately available, and the patient’s family physician
are all potential sources of information for the emergency
physician caring for a patient with PEA. An estimate of time
from onset of cardiac arrest and whether it was witnessed or
unwitnessed may assist clinical decision-making. Witnesses
or family may be able to relate the patient’s symptoms
before onset of arrest, such as an extended period of short-
ness of breath that would indicate a pulmonary cause or
chest pain that would indicate a cardiac cause.

The patient’s past medical history may be helpful in
uncovering a possible cause for PEA. A prior history of
coronary artery disease may indicate myocardial ischemia
or possible myocardial infarction. Renal dialysis patients
are at risk to develop severe hyperkalemia. Patients who
have undergone prolonged immobilization, such as those
placed in casts following an orthopedic procedure, are at
risk for developing pulmonary embolus. Patients with a
prior history of peptic ulcer disease or esophageal varices
may have depletion of intravascular volume secondary to
gastrointestinal bleeding. A history of chronic obstructive
pulmonary disease (COPD) or smoking may lead the clini-
cian to consider tension pneumothorax. A prior history of
psychiatric illness or depression may lead to the consider-
ation of a drug overdose. Documentation of severe periph-
eral arterial vascular disease may indicate the possibility of
a false-positive diagnosis of PEA. Current medications,
including tricyclic antidepressants, �-blockers, calcium
channel blockers, and digitalis, should be determined and
assessed for potential cardiac toxicity.

Physical examination

Airway, breathing, and circulation (ABC) should be assessed
or reassessed immediately on the patient’s arrival to the
Emergency Department. The airway should be evalu-ated
for obstruction, equal and bilateral breath sounds, and the
presence of a midline trachea. The airway should be secured
or prior endotracheal placement confirmed by auscultation
and capnography. Initially, the patient should be ventilated
with 100% oxygen to restore maximal systemic oxygenation,
although excessive ventilation (resulting in increased
intrathoracic pressure and impeding venous blood return to
the heart) should be strictly avoided. The possibility of auto-
PEEP PEA should be considered in patients with COPD or
bronchospastic pulmonary disease, and the frequency and
duration of ventilation further decreased accordingly.

Bilateral femoral and carotid pulses should be rapidly
and carefully assessed, with and without CPR, particularly
if the patient has no clinically detectable pulse. Femoral or
carotid pulses should be present with adequate CPR.
Immediate use of Doppler ultrasound, while briefly inter-
rupting CPR, may reveal blood flow that was not detected
by simple arterial palpation. Rapid placement of a periph-
eral arterial line may also be helpful. Auscultation for heart
tones may also assist the clinician in determining the pres-
ence of underlying myocardial contractility.

If the patient continues in PEA, the American Heart
Association advanced cardiac life support (ACLS) protocol
for PEA should be initiated or continued (Fig. 39.2). While
resuscitative efforts progress, further physical examination
should be undertaken to identify causes that may be
reversible. Evidence of deep venous thrombosis in the
lower extremities may indicate a pulmonary embolus,
whereas evidence of an arteriovenous fistula may indicate
a renal dialysis patient who is at risk for hyperkalemia. A
rectal examination should be performed, a nasogastric
tube placed, and a gastric aspirate acquired to uncover
signs of gastrointestinal bleeding. A core temperature
should also be obtained, if appropriate, before discontinu-
ing resuscitation efforts.

Ancillary evaluation

Ancillary data should be gathered in an expeditious and
directed fashion. As soon as the patient is placed on a
cardiac monitor, a rhythm strip or 12-lead electrocardio-
gram should be acquired to determine Q-R and QRS dur-
ation. A Q-R or QRS duration of less than or equal to 0.2
second is highly correlated with pseudo-PEA.1 If not already
accomplished, Doppler ultrasound should be performed in
all patients with PEA to detect blood flow not revealed by
arterial palpation. Immediate emergency department
echocardiography, where available, may greatly assist in
identifying the PEA subtype. Normal echocardiographic
wall motion indicates PEA possibly due to a readily
reversible cause, such as hypovolemia or tension pneu-
mothorax. Wall motion that is present but decreased may
indicate pseudo-PEA, whereas absent wall motion repre-
sents true PEA. Immediate echocardiography also may
identify acute cardiac tamponade, pulmonary embolus,
ruptured intraventricular septum or ventricle, or pericardial
effusion and tamponade. Rapid placement of central arter-
ial monitoring catheters may also help to identify subsets
of PEA patients, differentiating pseudo- and true PEA. Chest
radiography is useful for diagnosis of pneumothorax,
congestive heart failure, or, in the presence of an enlarged
cardiac silhouette, possible cardiac tamponade.
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Specific therapies for reversible etiologies

Figures 39.2 and 39.3 summarize the therapeutic interven-
tions in PEA.

As previously stated, an aggressive initial evaluation
should be undertaken in a patient who presents with PEA
arrest to discern any immediately reversible etiologies for
the arrest. This section will focus on the therapeutic inter-
ventions for these reversible causes.

Hypovolemia

Hypovolemia is the primary cause of PEA in 4 to 5% of
patients.4 Reports of bloody stools, fevers or possible
sepsis, or signs of recent trauma can all direct the provider
to consider hypovolemia as a potential cause of the PEA
arrest. Physical examination may show guaiac-positive
stools in support of the history. Aggressive intravenous
fluid resuscitation is warranted in all patients presenting
with PEA arrest to ensure adequate preload.

Hypoxia

There are many etiologies for hypoxemic states, all of
which can result in PEA cardiac arrest. Obvious causes
such as asphyxiation and strangulation will be apparent by
history and physical examination. Patients with a history of
COPD or asthma are at risk for hypoxemia and hypercarbia
as well as associated complications, such as tension pneu-
mothorax. Severe hypoxemia may also be related to infec-
tion or to coagulation disorders resulting in pulmonary
embolism. Information obtained from available history
and medical records may help discern the underlying eti-
ology for hypoxemic states. Physical examination should
focus on symmetry of breath sounds and adventitious
sounds, as well as jugular venous pulsations and disten-
tion. Skin crepitus may be helpful in diagnosing pneu-
mothorax. Chest radiography is useful early during
resuscitation for cases of tension pneumothorax that are
not clinically apparent or other pulmonary causes. Pulse
oximetry is rarely useful because of low or absent periph-
eral perfusion and arterial vasoconstriction. Depending on
the primary cause, patient management in all hypoxemic
situations should be directed at securing a permanent
airway through endotracheal intubation and appropriate
ventilatory management. For example, patients with
COPD may have a high degree of auto-PEEP due to
increased air trapping that results in elevated intrathoracic
pressures, decreased venous blood return to the heart, and
decreased forward blood flow.19,20 Management of ventila-
tion for any patient with PEA should focus on maximizing

coronary perfusion pressure (forward blood flow) during
CPR. Following establishment of an advanced airway, ven-
tilation rates should not exceed 8–10 breaths per minute
and each breath should be limited to 1 second. Even lower
ventilation rates for patients with auto-PEEP may be
required to achieve adequately reduced intrathoracic pres-
sure at the necessary expense of permissive hypercapnia.

Cardiac tamponade

Cardiac tamponade is an uncommon etiology in the pre-
sentation of non-fibrillatory arrest. A patient with a history
of cancer, recent cardiothoracic surgery, renal failure and
dialysis, coagulopathy, platelet disorder, or chest trauma
may suggest this diagnosis. Physical findings such as dis-
tended neck veins, muffled heart tones, and pulsus para-
doxus are helpful if they can be reliably determined, but are
difficult to establish during the initial phases of resuscita-
tion and may be absent. Cardiac tamponade is best diag-
nosed with early bedside ultrasonography on patient
arrival in the emergency department.21,22 Electrical alter-
nans may be apparent on the electrocardiogram in cases of
pseudo-PEA owing to the “swinging of the heart while
beating,” usually associated with effusions of 300–600
ml.23,24 Specific therapy for cardiac tamponade includes
fluid administration, pericardiocentesis, thoracostomy,
and, if required, resuscitative thoracotomy.

Volume expansion with crystalloid infusion may be used
as a temporizing maneuver while the clinician is preparing
for pericardiocentesis or thoracotomy. Gascho et al.
studied the effects of volume expansion and vasodilation
in a canine non-arrest model of acute pericardial tam-
ponade.25 They found that volume expansion alone, and
in conjunction with vasodilation with nitroprusside,
improved tissue blood flow. Vasodilation should not be
used during cardiac arrest secondary to pericardial tam-
ponade; drainage of the tamponade is the therapy of
choice. The subxiphoid technique is best used for pericar-
diocentesis since it avoids injury to the coronary arteries.
The subxiphoid region should be quickly prepared with a
povidine-iodine solution and a 16- to 18-gauge catheter
over needle introduced between the xiphoid process and
the left subcostal angle at a 30 to 45 degree angle to the
skin. The tip of the needle should be directed at the inferior
tip of the left scapula. This procedure may be difficult and
dangerous while CPR is in progress and the clinician
should discontinue CPR for 30 seconds while attempts at
drainage are made. If unsuccessful, CPR should resume
for several minutes and another attempt at drainage
should be made. When fluid is aspirated, the catheter is
advanced into the pericardial space and the needle
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•  BLS Algorithm: Call for help, give CPR
•  Give oxygen when available
•  Attach monitor/defibrillator when available

1

2

Check rhythm
Shockable rhythm?

Shockable

VF/VT

Not Shockable

Asystole/PEA

9

Give 1 shock

•  Manual biphasic: device specific
   (typically 120 to 200 J)
   Note: If unknown, use 200 J
•  AED: device specific
•  Monophasic: 360 J
Resume CPR immediately

3

4

5

Give 5 cycles of CPR*

Check rhythm
Shockable rhythm?

Check rhythm
Shockable rhythm?

No

10

Give 5 cycles
of CPR

Shockable

Give 5 cycles of CPR*

Check rhythm
shockable rhythm?

•  If asystole, go to Box 10

•  If pulse present, begin
   postresuscitation care

•  Push hard and fast (100/min)

During CPR

–  Hypovolemia
–  Hypoxia

–  Hypoglycemia
–  Hypothermia

–  Tamponade, cardiac

–  Trauma

–  Tension pneumothorax
–  Thrombosis (coronary or
    pulmonary)

–  Toxins

–  Hydrogen ion (acidosis)
–  Hypo-/hyperkalemia

•  Search for and treat possible
   contributing factors:

•  Rotate compressors every
   2 minutes with rhythm checks

•  Minimize interruptions in chest

   compressions

•  One cycle of CPR: 30 compressions
   then 2 breaths; 5 cycles = 2 min

•  Ensure full chest recoil

•  If electrical activity, check
   pulse, if no pulse, go to
   Box 10

Shockable

8

7

No

12

Not

shockable shockable

13

11

Go to
box 4

6

Continue CPR while defibrillator is charging
Give 1 shock

•  Manual biphasic: device specific
   (same as first shock or higher dose)
   Note: If unknown, use 200 J
•  AED: device specific
•  Monophasic: 360 J
Resume CPR immediately after the shock

when IV/IO available, give vasopressor during CPR
(before or after the shock)
•  Epinephrine 1 mg IV/IO
   Repeat every 3 to 5 min

•  May give 1 dose of vasopressin 40 U IV/IO to
   replace first or second dose of epinephrine

Continue CPR while defibrillator is charging
Give 1 shock

•  Manual biphasic: device specific
   (same as first shock or higher dose)
   Note: If unknown, use 200 J
•  AED: device specific
•  Monophasic: 360 J
Resume CPR immediately after the shock

consider antiarrhythmics; give during CPR
  (before or after the shock)
  amiodarone (300 mg IV/IO once), then
  consider additional 150 mg IV/IO once) or
  lidocaine (1 to 1.5 mg/kg first dose, then 0.5
  to 0.75 mg/kg IV/IO, maximum 3 doses or 3 mg/kg)
Consider magnesium, loading dose
  1 to 2 g IV/IO for torsades de pointes
After 5 cycles of CPR,* go to box 5 above

Resume CPR immediately after 5 cycles

when IV/IO available, give vasopressor
•  Epinephrine 1 mg IV/IO

   Repeat every 3 to 5 min

•  May give 1 dose of vasopressin 40 U IV/IO to
   replace first or second dose of epinephrine

Consider atropine 1 mg IV/IO
   for asystole or slow PEA rate
   repeat every 3 to 5 min (up to 3 doses)

•  Secure airway and confirm placement

* After an advanced airway is placed,
 rescuers no longer deliver “cycles”
 of CPR. Give continous chest com-
 pressions without pauses for breaths.
 Give 8 to 10 breaths/minute. Check
 rhythm every 2 minutes. 

•  Avoid hyperventilation

PULSELESS ARREST

or

or

Fig. 39.2. American Heart Association Algorithm for Pulseless Arrest. (From the American Heart Association Guidelines for

Cardiopulmonary Resuscitation and Emergency Cardiovascular Care Pt 7.2: Management of Cardiac Arrest. Circulation 2005; 112

(Suppl I): IV-59.
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Fig. 39.3. PEA patient management algorithm. PE, physical examination; MI, myocardial infarction; CHF, congestive heart failure; IV,

intravenous.



removed. A three-way stopcock should be attached to
permit repeated aspirations if necessary.26

If this technique is unsuccessful and cardiac tamponade
is still highly suspected, a resuscitative thoracotomy can be
performed. The benefit of this approach is unclear because
there have been no outcome studies of thoracotomy in
non-traumatic PEA cardiac arrest. The clinician must
weigh the benefits of direct pericardial drainage and open
cardiac massage with the possible long-term morbidity
from instituting this invasive technique in the presence of
prolonged, low flow cardiac arrest. Conversely, thoraco-
tomy may be both diagnostic and therapeutic in PEA
arrest: the clinician can directly observe the myocardium
for signs of mechanical activity (allowing differentiation of
pseudo- and true PEA) and, with internal massage, amplify
the ineffectual contractions in pseudo-PEA.

When performing thoracotomy, a left anterolateral inci-
sion over the fourth interspace provides the best access to
the heart. Once the chest is entered, the pericardium
should be inspected for evidence of pericardial tampon-
ade. If tamponade is present, the pericardium should be
opened via an incision anterior and parallel to the phrenic
nerve.27 Once the pericardial fluid is drained, and if return
of spontaneous circulation occurs, the thoracotomy must
be closed in the operating room.

Tension pneumothorax

Pirolo et al. reviewed the autopsy files of 50 patients who
had died after documented episodes of PEA and found a 4%
(2 of 50) incidence of pneumothorax.3 This condition is sug-
gested by unilateral decreased breath sounds after endotra-
cheal intubation, jugular venous distention, devi-ation of
the trachea away from the side of pneumothorax, and
hyperresonance to percussion over the affected hemitho-
rax. The clinician should first determine appropriate place-
ment of the endotracheal tube by auscultating the
epigastrium to rule out esophageal intubation. Bilateral
breath sounds should also be assessed, and, if unilaterally
reduced, the endotracheal tube should be withdrawn
slightly to rule out endobronchial intubation. Proper place-
ment of the endotracheal tube can also be confirmed by
end-tidal CO2 capnography. Since the esophagus can have
low levels of CO2 present, the end-tidal CO2 should be mon-
itored over several breaths. Continued presence of CO2 con-
firms proper endotracheal tube placement.28 If decreased
breath sounds persist after these maneuvers, needle thora-
costomy should be performed, followed by tube thoracos-
tomy. Needle thoracostomy may be performed with a large
catheter over needle system (14 to 18 gauge). The system
should be attached to a syringe and the insertion site

quickly prepared with povidine-iodine (1 to 2 seconds). The
needle should be introduced in the second intercostal
interspace in the midclavicular line. Once the pleural space
is entered, the catheter should be advanced over the needle
and air aspirated through the syringe. A three-way stopcock
should be attached to the catheter to permit repeated aspi-
rations as necessary.29 Once time permits (usually after
return of spontaneous circulation), tube thoracostomy
should be performed. If the clinician still suspects pneu-
mothorax following unsuccessful needle thoracostomy,
however, definitive tube thoracostomy should be per-
formed immediately. Of note, needle thoracostomy should
only be performed when pneumothorax is suspected by
history or physical examination. The cavalier performance
of bilateral needle thoracostomy in all patients in PEA is not
warranted and may increase postresuscitation morbidity.

Hypothermia

There are numerous documentated cases of accidental
hypothermia and prolonged cardiac arrest that have been
successfully resuscitated after instituting re-warming pro-
tocols. The lowest recorded temperature in a patient who
suffered from accidental hypothermia with successful
resuscitation is 13.7 ºC (56.7 ºF) in an adult30 and 14.4 ºC
(57.9 ºF) in a child.31 It may be difficult to determine by
history and physical if the initial event leading to cardiac
arrest was due to hypothermia or to another etiology with
resulting hypothermia. History and physical should be
undertaken to determine primary from secondary acciden-
tal hypothermia. Cold-reading thermometers are needed to
record core body temperatures accurately in this popula-
tion. The characteristic Osborn waves on the electrocardio-
gram in patients with a cardiac rhythm appears as a
deflection at the J-point in the direction of the QRS complex.

Passive rewarming techniques (warm packs, warming
blankets) are not indicated in hypothermic patients in
cardiac arrest. Treatment of severely hypothermic patients
(core temperature �30 ºC (86 ºF)) in arrest should be
directed at active core rewarming techniques, including
warm humidified air via endotracheal tube, warm peri-
toneal lavage, warm intravenous fluids, and extracorporeal
cardiopulmonary bypass. Forced air rewarming techniques
have been described32,33 as well as intrathoracic lavage.34

Walpoth et al. examined the long-term outcomes of 32
patients who underwent extracorporeal cardiopulmonary
bypass for severe accidental hypothermia.35 Of the 15 long-
term survivors, no adverse neurologic sequelae were docu-
mented, and the group had an average time from discovery
to extracorporeal warming of 141 �/– 50 minutes. Owing to
the need for prolonged periods of CPR in these patients, a
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mechanical compression device is advocated to ensure
consistent delivery of compressions.36 Resuscitation efforts
may be withheld for patients with associated lethal body
injuries, those found with an ice mask, and those who are
so frozen as to hinder chest compressions.37 Rewarming
efforts in the remainder of the population should continue
until body temperature approaches normal and there is no
response to ACLS protocols. In patients who are refractory
to rewarming, efforts should also be discontinued.

Pulmonary embolism

Pulmonary embolism is a less common cause of cardiac
arrest. The overall incidence of disease is debatable, but
estimates of 1%–5% are reported in the literature.2,104,123 For
those patients who present primarily as PEA arrest,
however, the incidence may be 
50%.37,38 Sudden cardiac
arrest in a young, otherwise healthy patient should raise
suspicion for this cause. History should probe for causes of
hypercoagulability including use of oral contraceptives,
prolonged immobility, recent orthopedic surgeries, and
cancer, among others. Physical examination should focus
on pulmonary auscultation and examination of the lower
extremities for signs of deep venous thrombosis, such as
unilateral edema or palpable posterior cords. These physi-
cal findings, however, are unreliable and may be absent.
For those patients with a presenting rhythm, the 12-lead
electrocardiogram may show evidence of right ventricular
strain or right atrial enlargement (P-pulmonale in lead II).
The classically described S1, Q3, T3 pattern is related to the
axis shift associated with right ventricular strain, but is
present in less than 5% of patients with pulmonary
embolus. Tachycardia and non-specific ST-T changes are
the most common presenting finding on the electrocar-
diogram, but 25% of patients will have no change in their
EKG from baseline.39 Bedside echocardiography may show
evidence of a dilated right ventricle, indicating elevated
pulmonary arterial pressures. In patients without evidence
of an alternative diagnosis following history, physical
examination, ECG and chest radiography, and in those for
whom the clinician has a high suspicion for embolism
without contraindications, thrombolytic therapy should
be initiated empirically. It should be started as soon as
possible while high quality CPR continues. CPR should
continue for a time sufficient for the thrombolytic therapy
to dislodge the clot (at least 45 minutes to 1 hour).

Hyperkalemia

Hyperkalemia as the etiology of non-fibrillatory arrest
should be suspected in patients with renal dysfunction.

Any patient with a history of end stage renal disease or dial-
ysis who presents in arrest should be immediately treated
for presumed hyperkalemia. Other etiologies for hyper-
kalemia include excessive use of salt substitute, rhab-
domyolysis, tumor lysis syndrome, adrenal insufficiency,
and multiple recent transfusions. Hyperkalemia is also
extensively described associated with the use of succinyl-
choline and related rhabdomyolysis.40,41 In patients with a
presenting cardiac rhythm, the electrocardiogram is the
most useful diagnostic tool. The earliest electrocardio-
graphic sign of hyperkalemia is tall symmetric T waves in
the anterior leads.42 There is a progression of further EKG
changes that correlate poorly with serum potassium
levels.43 These include prolongation of the PR interval or
QRS interval, P-wave flattening with eventual disappear-
ance, a sinusoidal wave pattern, and eventually ventricular
fibrillation. Since hyperkalemic patients die as a resut of an
arrhythmia, immediate cardiac membrane stabilization
should be undertaken by intravenous administration of
calcium chloride (8–16 mg/kg) (unless a contraindication
exists such as coexisting use of digoxin). This should be
followed by intravenous sodium bicarbonate (1 mEq/kg
bolus), often with repeated doses until electrocardio-
graphic changes are evident. This should then be followed
by 10 units of regular intravenous insulin and one ampule
of intravenous D50. Onset of therapeutic action of insulin
is about 30 minutes. Emergency dialysis should be consid-
ered once the patient has been resuscitated.

Metabolic acidosis

Severe metabolic acidosis exerts a negative inotropic effect
on the heart. In particular, severe acidosis can impair
cardiac contractility, increase pulmonary vascular resis-
tance, sensitize the myocardium to arrhythmia, and lower
the threshold for ventricular fibrillation. These changes in
myocardial function occur in conjunction with an associ-
ated hyperkalemia that can accompany severe acidosis
because of action of the potassium-hydrogen ion exchange
pump at the cellular level. The causes of metabolic acidosis
are categorized into non-anion gap and high-anion gap.
Acute severe metabolic acidosis leading to cardiac dysfunc-
tion and arrest is more commonly due to the high-anion gap
etiology, including diabetic ketoacidosis, uremia, lactic aci-
dosis, and multiple toxic ingestions including salicylates,
methanol, paraldehyde, and isopropranol. Multiple med-
ications have been associated with the development of a
severe metabolic acidosis, including metformin, colchicine,
arginine, and herbicides.44–47 Starvation and physical
restraint have also been documented as etiologies of severe
metabolic acidosis and arrest.48,49 Attempting to determine
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whether metabolic acidosis is the etiology of cardiac arrest
can be difficult, as prolonged arrest can lead to a lactic aci-
dosis. Laboratory evaluation should include a basic chem-
istry panel, a serum lactate level, and an arterial blood gas.
Treatment should be directed at the underlying etiology of
the acidosis. Bicarbonate therapy for acidosis is controver-
sial because of acid-base shifts in the cerebral spinal fluid,
but is generally recommended for a serum pH less than 6.9
and should be considered if the serum pH is less than 7.1.

Myocardial infarction/ischemia

Although the largest contributing disease among all causes
of sudden cardiac death, the incidence of myocardial
infarction as a primary cause of non-fibrillatory arrest
appears lower, with reported ranges from 13% to 60% of all
causes.4,15,16 The diagnosis should be considered in all
patients with a past medical history of coronary artery
disease or those who have the known risk factors for the
disease. A history from EMS workers, family, or other wit-
nesses of patient symptoms preceding arrest is also
helpful. An early 12-lead electrocardiogram should be
obtained in all patients with a presenting cardiac rhythm,
as acute ischemic changes may be evident and will direct
further therapy. If the diagnosis of acute myocardial infarc-
tion is made, therapy must be directed at thrombus dis-
ruption or removal. Depending upon the institution, the
patient can be transported to the cardiac catheterization
laboratory for emergent intervention while resuscitative
efforts are continued, or thrombolytic therapy can be initi-
ated in the emergency department. The use of throm-
bolytic therapy during resuscitation from cardiac arrest
remains controversial. An initial study of thrombolytics in
patients presenting with cardiac arrest showed signifi-
cantly increased rates of return of spontaneous circulation
and ICU admission,50 while a second study in patients with
PEA cardiac arrest demonstrated no benefit,51 but was pos-
sibly confounded by patient selection criteria and timing
of thrombolytic therapy during the study.52,53 The use of
thrombolytics for patients with non-fibrillatory cardiac
arrest, in whom resuscitative efforts are initially unsuc-
cessful, is an appropriate area for ongoing research.54

Non-specific therapy for non-fibrillatory cardiac
arrest

In many cases of non-fibrillatory cardiac arrest, the clinical
presentation does not clearly indicate any immediately
reversible etiology. Although the overall goal during a resus-

citation is to treat any reversible etiology, non-specific
pharmacologic therapies should be initiated quickly in an
effort to improve coronary perfusion pressure, cardiac
output, and perfusion of other vital organs. This section will
address the role of various pharmacologic agents in accom-
plishing this task.

Adrenergic agents

Adrenergic agents have long been known to improve resus-
citation because of their vasoactive properties, specific-
ally �-adrenergic stimulation. The specific physiologic
response to adrenergic stimulation is improved coronary
perfusion pressure (coronary diastolic arteriovenous per-
fusion gradient). Increased coronary perfusion pressure
has been shown experimentally and clinically to predict
return of spontaneous circulation.55,56 Adrenaline has been
the adrenergic agent of choice in cardiac arrest, but appro-
priate dosing has been questioned. Higher doses of epi-
nephrine have been shown to improve regional myocardial
blood flow, coronary perfusion pressure, and defibrillation
rates in animal models of ventricular fibrillation arrest,57–60

but clinical studies have not confirmed this benefit.
Some studies have been undertaken which address the

use on high-dose epinephrine in non-fibrillatory cardiac
arrest. As previously noted, a subgroup of patients present
in pseudo-PEA cardiac arrest, with aortic pressure fluctua-
tions detectable by aortic catheter. This subgroup of
patients possibly would benefit from high-dose epineph-
rine. Paradis et al. studied the administration of standard
or high-dose epinephrine to patients with pseudo- and
true PEA and found the best response to resuscitative
efforts (e.g., return of spontaneous circulation) in patients
with pseudo-PEA who received high-dose epinephrine (14
of 18 [78%]). Nevertheless, no patient in this study survived
to hospital discharge.1 Lindner et al. performed a clinical
study comparing high-dose epinephrine (5 mg) to stan-
dard dose epinephrine (1 mg) in PEA and asystolic cardiac
arrest.61 Return of spontaneous circulation was achieved in
56% (5 of 9) patients with high-dose epinephrine and 7% (1
of 14) standard dose epinephrine patients (P�0.05).
Hospital discharge rates were 22% (2 of 9) in the high-dose
epinephrine group and 7% (1 of 14) in the standard dose
epinephrine group. This difference in hospital discharge
rates was not statistically significant.61 In a multicenter
study of high-dose epinephrine (0.2 mg/kg) in prehospital
cardiac arrest, Brown et al. found that patients presenting
with PEA had higher rates of return of spontaneous circu-
lation compared to patients receiving standard dose epi-
nephrine (0.02 mg/kg) (47% versus 33%, respectively;
P�0.05).62 The hospital discharge rates and neurologic
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outcomes for this subgroup of patients were not
reported.62 In another multicenter study of high-dose epi-
nephrine, Stiell et al. found no difference in resuscitation
and discharge rates in patients receiving high-dose epi-
nephrine (7 mg) or standard dose epinephrine (1 mg).63

Since this study included in-hospital cardiac arrests, the
results are difficult to compare with those in other studies.
Furthermore, prehospital arrest patients did not receive
epinephrine in the prehospital setting; instead, they
received their epinephrine after hospital arrival, approxi-
mately 21 minutes after arrest.

Adverse effects associated with use of adrenaline,
including increased myocardial oxygen consumption and
ventricular dysrryhthmia, have been a stimulus to find the
best vasoactive agent for use during cardiac arrest. Various
adrenergic agents have been compared, with equivocal
results.57,60,64–68 Most previous work with adrenergic agent
dose response and comparisons of various adrenergic
agents has been performed in ventricular fibrillation
models of cardiac arrest,57,60,64–67 whereas the dose and type
of adrenergic agents used in PEA cardiac arrest have not
been extensively studied. Ralston et al. studied a post-
countershock model of PEA and found the median effec-
tive dose (ED 50) of epinephrine to be 14 	g/kg
intravenously and 130 	g/kg endotracheally.69 Lindner and
Ahnefeld compared epinephrine and norepinephrine
(45 mg/kg) in an asphyxiation PEA model and found a
resuscitation rate of 100% with both drugs.70 Epinephrine
resulted in resuscitation earlier than did norepinephrine,
but no hemodynamic differences were noted between the
drugs. DeBehnke et al. compared standard dose epineph-
rine (0.02 mg/kg) and high-dose epinephrine (0.2 mg/kg)
in a postcountershock model of PEA and found no differ-
ence in return of spontaneous circulation rates between
groups; however, coronary perfusion pressure was higher
in the high-dose epinephrine group.71

Methoxamine is a pure �-adrenergic agonist and there-
fore lacks �-adrenergic activity, which may be detrimental
during cardiac resuscitation.72 In an asphyxial model of PEA,
Redding et al. found a 100% resuscitation rate with use of
methoxamine (20 mg).73 In a clinical study of PEA arrest,
methoxamine (10 mg) and epinephrine (1 mg) were com-
pared in 80 cases of prehospital and in-hospital PEA arrest.
A resuscitation rate of 55% (22 of 40) was found in each
group, with only one patient who received epinephrine
being discharged from the hospital.74 Notably, the dose of
methoxamine in this clinical study (10 mg or approximately
0.14 mg/kg in a 70-kg patient) was substantially lower than
the dose used in the animal experiment (20 mg or approxi-
mately 1 mg/kg in a 20-kg dog). Patrick et al. performed a
clinical study with higher doses of methoxamine.75 Sixty-

eight PEA patients received 20 mg of methoxamine followed
by 40 mg 4 minutes later and were compared to 77 patients
who received 2 mg of epinephrine followed by 2 mg every 4
minutes during resuscitation. They found no differences in
return of spontaneous circulation, survival to hospital dis-
charge, or neurologic status of those patients discharged
between the two groups. Similarly, Olson et al. performed a
prospective, randomized, double-blind out-of-hospital
clinical trial administering equipressor doses of epineph-
rine (0.5 mg) and methoxamine (5 mg) to 102 patients in
ventricular fibrillation refractory to initial defibrillations.
The rates of return of spontaneous circulation and admis-
sion to the emergency department with a pulse did not
differ between the two groups. There was an insignificant
trend toward improved survival to hospital discharge in the
epinephrine group (19.6% vs. 7.8%, P � 0.07).76

Phenylephrine, another pure �-adrenergic agonist, has
been investigated for use in cardiac arrest. When 1 mg of
epinephrine was compared to 10 mg of phenylephrine in
13-kg dogs, there were no differences in hemodynamics,
resuscitation rates, and neurologic deficit scores.77 There
also was no difference in resuscitation on 24-hour survival
between epinephrine and phenylephrine in a canine ven-
tricular fibrillation cardiac arrest model.78 Brown et al.
compared 0.2 mg/kg epinephrine, with 0.1 mg/kg and
1 mg/kg phenylephrine in a swine ventricular fibrillation
model and found improved defibrillation rates, myocardial
blood flow, and oxygen extraction ratios in animals receiv-
ing epinephrine.60 In a similar study, some of these investi-
gators showed that 10 mg/kg of phenylephrine was no
different from 0.2 mg/kg of epinephrine in improving
regional cerebral blood flow in a swine model.64 One clini-
cal study of out-of-hospital cardiac arrest compared 1 mg
of phenylephrine to 0.5 mg of epinephrine and found no
difference in the return of spontaneous circulation rates.67

In total, these studies investigated the use of phenyl-
ephrine in cardiac arrest and found equivocal results.

�1-Stimulation with agents such as isoproterenol
produce improved chronotropy. �-Stimulation also causes
vasodilation, however, which will decrease cerebral and
myocardial blood flow. Until further research on the use of
�-agonists in PEA arrest is performed, this potentially
detrimental physiologic effect precludes its use for this
condition.79

The literature on the use of adrenergic agents in non-
fibrillatory arrest is mixed. Problems with previous experi-
mental models include the diversity of models chosen
(postcountershock versus asphyxial), variability of adren-
ergic doses used, and lack of a neurologic outcome model.
From the available data, it is reasonable to recommend
standard dose epinephrine (1 mg) as an initial dose in non-
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fibrillatory arrest. In a patient with pseudo-PEA, either
documented through invasive monitoring or suspected by
ECG analysis or echocardiography, a trial of high-dose epi-
nephrine appears reasonable. Further studies evaluating
long-term survival and neurologic recovery in pseudo-PEA
arrest are required before a stronger recommendation for
high-dose epinephrine can be made.

Vasopressin

Vasopressin is a peptide hormone naturally produced in
the pituitary gland whose main physiologic function is
related to free water balance (antidiuretic hormone) with
actions at the level of the kidney. At concentrations above
normal physiologic levels, it has been found to have direct
effects at the level of the arterioles as a potent vasocon-
strictor. In this regard, some authors have advocated its use
during resuscitation in conjunction with, or in place of,
epinephrine.80–85 Several studies have been undertaken to
address these issues. Wenzel, et al.68 in a randomized com-
parison of vasopressin and epinephrine for out-of-hospital
cardiac resuscitation, analyzed 1186 patients, of whom 589
received vasopressin and 597 received epinephrine. They
found no significant differences between the groups
related to return of spontaneous circulation, hospital
admission, or hospital discharge. The authors performed a
subset analysis of 104 PEA patients in the vasopressin
group as compared to 82 patients in the epinephrine
group. Again, no significant differences were found in the
rates of return of spontaneous circulation, hospital admis-
sion, or hospital discharge between the groups. In a meta-
analysis of 1519 cardiac arrest patients from five
randomized controlled trials comparing vasopressin and
epinephrine, Aung and Htay86 found no significant differ-
ences between the vasopressin and epinephrine groups
related to return of spontaneous circulation, death before
hospital admission, death within 24 hours, death before
hospital discharge, or combination of number of deaths
and neurologically impaired survivors. In the PEA subset
analysis (145 patients in the vasopressin group and 133
patients in the epinephrine group), no significant differ-
ence was found between groups with respect to the rate of
death before hospital discharge.

Although the data are limited, there appears to be no
specific beneficial effect of vasopressin on outcomes of
patients in PEA arrest as compared to those treated with
epinephrine. No studies have been implemented to
examine this drug’s effect on outcomes from patients
found in PEA cardiac arrest, nor have studies examined the
effect of vasopressin on the outcomes of patients who have
pseudo-PEA.

Atropine

Atropine has been recommended in cases of bradycardic
PEA owing to its cardioacceleratory properties. The effects
of atropine in PEA have been less than convincing.
Redding et al. studied atropine (0.5 mg), comparing it to
methoxamine (20 mg) and calcium chloride (5 ml of a 10%
solution), and found that methoxamine significantly
improved resuscitation compared to atropine and calcium
chloride.73 Atropine was found to be no different from
calcium chloride in this model of PEA arrest.73 The only
clinical study of atropine in PEA compared 2 mg of
atropine with placebo in patients with slow, pulseless
idioventricular rhythms and found no difference in resus-
citation rates.87 Currently, ACLS guidelines recommend a
total atropine dose of 0.04 mg/kg as a vagolytic dose in
bradycardic PEA (�60 beats/ minute) and asystole.88 This
dose of atropine is based on several studies of patients
undergoing spinal anesthesia or healthy volunteers.89,90

None of the patients in these studies were in cardiac arrest
or a low cardiac output state. DeBehnke has questioned the
dose of atropine in PEA arrest.91 He studied the effects of
surgical vagolysis in asphyxial PEA arrest and found
improved return of spontaneous circulation rates in
animals that received vagotomy. This study supports the
contention that vagolysis is important in resuscitation
from PEA arrest. In a second animal study, Debehnke et al.
compared standard and high dose atropine in a canine
model of PEA arrest.92 No differences in resuscitation rates
were observed between the groups, and the rates tended to
decrease in the higher dose groups. Currently, administra-
tion of 0.04 mg/kg of atropine in bradycardic PEA and asys-
tolic arrest is recommended.

Sodium bicarbonate

Past data indicated that bicarbonate administration in
cardiac arrest was detrimental because of paradoxical cere-
brospinal fluid acidosis, inability to reverse myocardial aci-
dosis, and potential decreases in coronary perfusion
pressure.93–95 Further study of this issue remained contro-
versial, as some experimental and clinical studies of the use
of bicarbonate in cardiac arrest had not shown any
benefit,96 and other investigators demonstrated benefit
during cardiac arrest.97–99 Most recent data support the use
of sodium bicarbonate or a buffering solution during
cardiac arrest.100–103 No study has specifically addressed the
issue of bicarbonate use in non-fibrillatory cardiac arrest.
Vanags et al. retrospectively studied various interventions
in out-of-hospital PEA cardiac arrest and found that admin-
istration of bicarbonate was as effective as epinephrine and
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atropine in generating pulses.104 Since this study was retro-
spective, only a temporal relationship to drug administra-
tion could be observed. Patients whose last drug
administered was bicarbonate had similar return of spon-
taneous circulation and save rates compared to those
whose last drug administered was epinephrine or atropine.
A prospective randomized clinical trial of bicarbonate use
in cardiac arrest and in non-fibrillatory arrest is necessary
to determine definitively the optimal role for bicarbonate
during cardiac arrest. The use of bicarbonate has been
shown to be beneficial in patients with shock secondary to
tricyclic antidepressant, aspirin, and phenobarbital over-
dose and in cases of hyperkalemia.105–107 Hence, bicarbon-
ate therapy might also be useful in cases of PEA arrest
secondary to these causes.105–107 In these situ-ations, the
initial dose of bicarbonate should be 1 mEq/kg intra-
venously, followed by 0.5 mEq/kg 10 minutes later. If arter-
ial blood gas values are available, the bicarbonate dosing
should be titrated based on the calculated base deficit.107

Other agents

Calcium

Older ACLS guidelines have included calcium in the PEA
resuscitation protocol.108 This was based on the hypothesis
that calcium ions would enhance myocardial contraction
and aid in resuscitation. In the early 1980s, the effective-
ness of calcium use during cardiac arrest was questioned.
Animal and clinical studies demonstrate that calcium does
not improve resuscitation in PEA arrest.109–112 There may be
a subgroup of patients in PEA, however, who would benefit
from calcium administration. Stueven et al. retrospectively
divided PEA patients by QRS morphology and found that
patients with wide QRS complexes (�0.12 second) or
peaked T waves and ST-segment elevation were more
easily resuscitated when calcium was administered (8 of 39
vs. 1 of 31; P �0.028).112

When hyperkalemia, hypocalcemia (such as seen follow-
ing massive blood transfusion), or calcium-channel blocker
overdose is the cause of PEA cardiac arrest, calcium admin-
istration may be life-saving. A 10% solution of calcium chlo-
ride provides 27.3 mg of elemental calcium/ml. The
recommended dose of calcium chloride is 2 to 4 mg of ele-
mental calcium/kg, which equals approximately 10 ml of
the calcium chloride solution. A 10% solution of calcium
gluconate provides 18 mg of elemental calcium/ml, so that
10 to 15 ml of the solution will be needed to provide 2 to
4 mg of elemental calcium/kg. These doses can be repeated
every 10 minutes as needed.107

Glucagon

Glucagon has been shown to have chronotropic and
inotropic properties because of its non-adrenergically
mediated stimulation of myocardial adenyl cyclase.113,119

Niemann et al. studied the effects of 1 mg of glucagon on
resuscitation from postdefibrillation PEA and found a sig-
nificant improvement in return of spontaneous circulation
rates in animals receiving glucagon.115 No clinical study of
glucagon use in PEA arrest has been performed, and its use
cannot be recommended. Glucagon has been shown to be
beneficial in cases of �-blocker overdose, however, and
should be considered in cases of PEA arrest secondary to
overdose with these agents.106 The dose is 3 to 10 mg intra-
venously and an infusion of 2 to 5 mg/hour after return of
spontaneous circulation is achieved.106

Naloxone

There is speculation that naloxone may increase arterial
pressure in various shock states. Rothstein et al. adminis-
tered naloxone (5 mg/kg) after postcountershock PEA and
showed return of spontaneous circulation in 100% of
animals (4 of 4).116 There has been no clinical study of
naloxone use in PEA arrest. Nevertheless, naloxone should
be used in dosages of 2 to 10 mg intravenously in patients
with narcotic-induced PEA arrest.106 A case report docu-
ments the use of naloxone in asystolic out-of-hospital
arrest due to opioid ingestion with return of spontaneous
circulation.117

Aminophylline

Aminophylline is a competitive antagonist of adenosine
and has been used to treat conduction disturbances and
bradycardia in stable patients.118–120 Viskin et al. admin-
istered 250 mg of aminophylline in patients with
bradyasystolic arrest refractory to atropine and epineph-
rine and achieved return of spontaneous circulation in
73% (11 of 15) of patients, but only one patient was dis-
charged from the hospital alive.121 A recent review of 16
previous articles describing the use of aminophylline in
PEA and asystole suggests that the drug may be useful in
some cases of non-fibrillatory arrest refractory to epi-
nephrine and atropine.122 Mader et al. have reported
the most recent article related to the use of aminophylline
in non-fibrillatory arrest.123 In a randomized controlled
trial of aminophylline vs. placebo as an adjunct to
atropine-resistant prehospital asystolic cardiac arrest,
they reported a trend towards improvement in ROSC and
reversal of asystole in the aminophylline group. Fewer

Non-fibrillatory cardiac arrest 737



patients in the aminophylline group survived to hospital
admission, and none were alive at 24 hours. The benefits
for use of this drug during non-fibrillatory cardiac arrest
require further investigation.

Improved hemodynamics during CPR in
non-fibrillatory cardiac arrest

One of the most promising interventions in patients with
PEA and asystole is improved hemodynamics during CPR.
There is an inversely proportional relationship between
mean intrathoracic pressure, coronary perfusion pressure,
and survival from cardiac arrest.124,126 Increased ventilation
rates and increased ventilation duration impede venous
blood return to the heart, decreasing forward blood flow to
the heart and brain during CPR.124–127 Conversely, genera-
tion of negative intrathoracic pressure on the upstroke of
CPR augments venous blood return to the heart, signifi-
cantly improving hemodynamics and outcome.128–130 This
hemodynamic principle of intrathoracic pressure is a fun-
damental physiologic concept applying to states of pro-
found shock124,126–128,131–136 and defines cardiopulmonary
interactions during CPR.

The impedance threshold device (ITD)

The impedance threshold device (ITD) is a CPR hemo-
dynamic adjunct based on the principle of intrathoracic
pressure changes.128 Placed on any airway (facemask, ET
tube, combitube, LMA, and others), it impedes entry of
air into the lungs during the upstroke of CPR without
impeding normal positive pressure ventilations. This
creates relatively negative intrathoracic pressure on the
upstroke of CPR, thereby augmenting venous blood return
to the heart and increasing hemodynamics during CPR.128

Aufderheide et al. performed a prospective, double-blind
trial in adult patients with cardiac arrest randomized to
receive standard CPR with a sham ITD or standard CPR
with a functional ITD.129 In a substudy of 20 patients, sys-
tolic blood pressure was recorded at the scene of cardiac
arrest by using invasive femoral arterial monitoring.131

The hemodynamic substudy demonstrated an average
systolic blood pressure of about 85 mmHg during CPR with
the active device and a systolic blood pressure of about
40 mmHg during CPR with the sham device, thus more
than doubling the hemodynamics and effectiveness of
CPR.131 In this initial feasibility study of only 230 patients,
proximal outcome in all patients was insignificantly
improved. Nevertheless, nearly half the patients had PEA
as an initial cardiac arrest rhythm or had PEA at some time

during cardiac arrest. In these patients, return of sponta-
neous circulation, ICU admission, and 24-hour survival
was significantly increased compared to control.129

Reviewing invasive hemodynamic monitoring demon-
strated that 68% of episodes of PEA were pseudo-PEA with
an average invasive systolic blood pressure of 28.6�

11.6 mmHg.175 These data indicate that the majority of
patients with PEA have some myocardial contraction and
that improved hemodynamics during CPR is an effective
intervention for patients with PEA.

Use of the ITD during CPR in patients with out-of-
hospital cardiac arrest in Staffordshire, England demon-
strates similar benefits for patients with asystole.130 Thayne
et al. implemented ITD use in the Staffordshire Ambulance
System comparing survival (defined in this study as admit-
ted to the emergency department with a sustained pulse)
with historical controls. Survival in all patients receiving an
ITD (61/181 [34%]) improved by 50% compared to histori-
cal controls (180/808 [22%]) (P�0.01). Survival in patients
presenting with asystole tripled in the group receiving an
ITD (26/76 [34%]) compared with controls (39/351 [11%])
(P�0.001). In this study, presumed improvement in CPR
hemodynamics resulted in markedly improved short-term
survival for all patients, especially patients with asystole.130

There have been no interventions studied (pharmaco-
logical or mechanical) in non-fibrillatory cardiac arrest
that hold as much promise for improved outcome as aug-
menting hemodynamics during CPR. As a result, early
administration of basic life support with the impedance
threshold device is strongly recommended by the National
American Heart Association (IIa Recommendation). Other
methods for improving hemodynamics during CPR exist,
but have not demonstrated significant benefit in prospec-
tive, randomized clinical trials or are limited by the techni-
cal logistics of their application.

Interposed abdominal compression cardiopulmonary
resuscitation (IAC-CPR)

IAC-CPR has been shown to improve coronary perfusion
pressures and blood flow compared to standard CPR.137–141

Two clinical studies from 1992 showed improved return of
spontaneous circulation and long-term survival rates
when IAC-CPR is used during in- hospital PEA arrest.141,143

Conversely, a prospective, randomized trial of standard
CPR versus IAC-CPR in the out-of-hospital setting failed
to demonstrate improved cardiac resuscitation rates.144

Given the mixed results from multiple trials, a meta-
analysis of all IAC-CPR animal, preclinical and clinical
trials advocates for early implementation of this technique
during resuscitative efforts.145
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Active compression–decompression cardiopulmonary
resuscitation (ACD-CPR)

The ResQPUMP®, a device designed to apply active com-
pression–decompression CPR, was developed after an ordi-
nary bathroom plunger was applied to the chest of a patient
during cardiopulmonary arrest. With active decompression
as well as compression, spontaneous circulation was
restored and the patient was discharged from the hospital
neurologically intact.144 Studies in both a dog model of ven-
tricular fibrillation and in a small number of humans in car-
diopulmonary arrest, active compression–decompression
(ACD)-CPR resuscitation with a hand-held suction device
improved cardiopulmonary circulation in comparison to
standard CPR.147,148 Lindner et al. found that ACD-CPR sig-
nificantly increased myocardial and cerebral blood flow
during cardiac arrest in a swine model in the absence of
vasopressor therapy as compared with standard CPR.149

The largest human study to date was reported by Plaisance
et al. in 1999.126 They found that both the rate of hospital
discharge without neurologic impairment and the 1-year
survival rate were significantly higher among patients who
received active compression–decompression CPR as com-
pared to patients who received standard CPR. The majority
of these patients presented in asystole.

Pneumatic vest CPR and other mechanical adjuncts

Pneumatic vest CPR is based on the thoracic pump theory:
increases in intrathoracic pressure produce forward blood
flow during cardiac arrest and higher vascular pressures
can be achieved with circumferential compression of the
thorax compared with manual CPR. Halperin et al. demon-
strated significantly improved myocardial and cerebral
blood flow with vest CPR compared with manual CPR in a
ventricular fibrillation dog model.150 This study also
demonstrated improved survival after ventricular fibrilla-
tion cardiac arrest in animals receiving vest CPR compared
with those receiving manual CPR.150 In a preliminary study
in humans, Halperin and colleagues have also demon-
strated increased aortic pressure and coronary perfusion
pressure with vest CPR compared with standard CPR and
an insignificant trend toward a greater likelihood of return
of spontaneous circulation.151

A retrospective review comparing prehospital adult
cardiac arrest patients assigned to receive either manual
CPR or CPR using an Autopulse device (Revivant
Corporation) was undertaken by Casner et al. with the
primary endpoint of arrival to the ED with measurable
spontaneous pulses.152 This study demonstrated a signifi-
cant difference in the primary outcome with use of the

Autopulse device. When subgroup analysis was under-
taken to compare the outcomes for the different present-
ing rhythms, only those patients with an initial arrest
rhythm of asystole were found to benefit from the use of
the Autopulse device. In those whose initial arrest rhythm
was PEA, the difference approached, but did not achieve,
significance. A larger, prospective randomized multi-
center clinical trial (the ASPIRE Trial) found no significant
difference in outcome with the device compared to stan-
dard CPR. Further studies are required to characterize the
benefits of this approach.

LUCAS is a new device for mechanical compression and
decompression of the chest during CPR.153–155 Hemo-
dynamic studies in a porcine model of ventricular fibrilla-
tion demonstrate significantly higher cardiac output,
carotid artery blood flow, end-tidal CO2, and coronary per-
fusion pressure compared with standard CPR.153 Ongoing
clinical trials will characterize the benefits of this new
hemodynamic adjunct.

Open chest CPR

Improved blood flow has been reported when open-chest
cardiac massage is used for resuscitation from cardiac
arrest.156 Before recommending open-chest CPR for resus-
citation in PEA arrest, definitive prospective, randomized
clinical trials should be performed that establish safety and
efficacy of this technique.

Cardiopulmonary bypass

Cardiopulmonary bypass is an excellent reperfusion tech-
nique that has been shown to improve resuscitation rates
in ventricular fibrillation cardiac arrest.157–162 Only one
study has investigated the use of cardiopulmonary bypass
in PEA arrest (postdefibrillation animal model) and found
improved return of spontaneous circulation rates when
cardiopulmonary bypass was compared to standard
CPR with standard dose epinephrine and high-dose
epinephrine.71 DeBehnke investigated the use of car-
diopulmonary bypass after increasing intervals of pro-
longed asphyxial PEA arrest and found cardiopulmonary
bypass significantly increased 1-hour survival when
applied early (�15 minutes after PEA arrest).163 The
largest human study in out-of-hospital cardiac arrest
patients was published by Nagao et al. in 2000.164 The
majority of these 36 patients presented with ventricular
fibrillation due to acute coronary syndrome, with no data
available regarding the PEA subset. Of the 23 survivors to
hospital discharge, only 12 patients had good cerebral
performance scores, and 10 patients were reported with
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significant neurological deficits. Interpretation of the
study results is challenged by uncontrolled use of post-
resuscitation hypothermia. Thus, cardiopulmonary
bypass appears to be a reperfusion technique in its
infancy. Appropriate application to patients who suffer
out-of-hospital cardiac arrest, and in particular, to those
found in PEA or pseudo-PEA remains to be defined.

Aortic balloon counterpulsation

Aortic balloon counterpulsation during CPR may enhance
coronary perfusion pressure and coronary and cerebral
blood flow. Inflation of an intraaortic balloon (IAB) during
CPR may raise aortic diastolic blood pressure (AODP),
increasing coronary perfusion pressure. In an early animal
study comparing the use of IAB vs. epinephrine-only
during VF arrest, 10 of 10 animals were resuscitated in the
IAB groups, while 1 of 5 was resuscitated in the epineph-
rine-only group.165 Although other animal studies have
shown benefits with IAB use,166,167 no human clinical trials
have been performed. A case report of 2 patients who suf-
fered cardiac arrest while being maintained on an intraaor-
tic balloon pump (IABP) documents augmented coronary
perfusion pressure measurements with the IAB use during
CPR.168

Transvenous and transthoracic cardiac pacing

In the middle 1980s, transcutaneous and transvenous
cardiac pacing were studied as an adjunctive therapy for
patients during non-fibrillatory cardiac arrest unrespon-
sive to pharmacologic interventions. Although found to be
somewhat successful in patients with symptomatic brady-
cardia not in arrest, no survival benefit was demonstrated
in patients with PEA or asystolic cardiac arrest unless the
technique was used early in resuscitative treatment.169–174

Current ACLS guidelines continue to allow consideration
of cardiac pacing early during resuscitative efforts from
non-fibrillatory arrest.

Postresuscitation issues

Following return of spontaneous circulation in non-
fibrillatory cardiac arrest, attention should be directed at
continued treatment of the underlying etiology of arrest,
and assurance of adequate tissue perfusion and oxygena-
tion. Excessive ventilation rates, prolonged duration of
ventilation, and high tidal volumes should be avoided. The
resulting increase in intrathoracic pressure will impede
venous blood return to the heart and compromise hemo-

dynamics. Despite normalization of blood pressure,
central venous pressure, and heart rate postresuscitation,
some patients may have continued myocardial dysfunc-
tion and poor tissue oxygenation or perfusion. Central
venous oximetry, lactate levels, and calculation of the
shock index (heart rate/systolic arterial pressure) can be
utilized to assess the adequacy of tissue oxygenation and
cardiac dysfunction.175 If the underlying etiology was
mechanical, therapy should be specifically directed at that
cause. Patients with pneumothorax relieved by needle tho-
racostomy should have tube thoracostomy performed for
definitive treatment. Patients with pericardial tamponade
should have definitive drainage of their tamponade or
closure of the emergency thoracotomy if performed. All
patients should have adequate oxygenation and tissue
perfusion assured, with use of volume expansion and
pressor therapy as needed. Right heart catheterization,
central venous oximetry, and lactate levels should guide
therapy in these cases. In patients whose PEA arrest was
caused by pump failure secondary to acute myocardial
infarction, emergent cardiac catheterization with angio-
plasty has been shown to improve patient outcomes.
These patients may develop profound myocardial dys-
function and require circulatory assist with balloon coun-
terpulsation. In situations where cardiac catheterization
or angioplasty is not available, thrombolytic therapy
should be administered if the CPR time was less than 10
minutes and no other contraindications exist.176 The
acid–base status should be optimized through increased
alveolar ventilation for primary respiratory acidosis and
judicious bicarbonate use for metabolic acidosis.
Electrolyte abnormalities should be identified and cor-
rected during this postresuscitation period.

Future of directions in the therapy of non-
fibrillatory arrest

Patients with pseudo-PEA and reversible causes of PEA
should be rapidly identified, as they are most likely to
benefit from aggressive therapeutic intervention. Q-R
and QRS duration along with immediate use of Doppler
ultrasound applied in all PEA patients hold the potential
for quick and non-invasive identification of the pseudo-
PEA subgroup. Spreng et al. described an audible
esophageal Doppler probe that non-invasively detects
pseudo-PEA.177 The availability of emergency echocardio-
graphy may rapidly and accurately distinguish pseudo-
PEA from true PEA. Enhancing hemodynamics by
delivering high quality CPR (e.g., compression rate of
100 compressions/minute, depth of 11⁄2 to 2 inches per
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compression, minimal interruption of chest compres-
sions, allowing the chest to completely recoil after each
compression, avoiding excessive ventilation rates) and
use of the impedance threshold device (ITD) (IIa
Recommendation by the American Heart Association)
remains one of the most promising interventions for this
patient population. The use of thrombolytic therapy in
cardiac arrest and PEA remains controversial.50,51–53 The
identification of PEA patient subgroups by non-invasive
and immediately available methods, combined with deliv-
ering significantly improved hemodynamics during CPR,
may substantially improve patient outcomes.
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Introduction

Prehospital treatment of cardiac arrest became practical in
1960 when the technique of closed chest cardiac massage
was demonstrated effectively to prolong the time for suc-
cessful defibrillation following cessation of circulation due
to cardiac arrest.1 Closed chest massage was merged with
externally applied defibrillation and mouth-to-mouth ven-
tilation to form what is today known as cardiopulmonary
resuscitation or CPR.2–5 By 1966 standardized training and
performance criteria had been developed and published.5

A few years later the American Heart Association (AHA)
adopted CPR and spearheaded the campaign to dissemi-
nate it to both professionals and the public. The AHA peri-
odically reviews the science, practice and implementation
of CPR and publishes updated “guidelines.”6–10

As an organizational model, CPR can be considered an
outstanding public health achievement; but its success in
this realm is marred by its failure as a treatment modality
for patients who sustain an out-of-hospital cardiac arrest
(OOH-CA). When the currently recommended guideline-
driven CPR is used to treat patients with an OOH-CA, sur-
vival rates have been and continue to be dismal. These poor
and unchanged survival rates, in spite of periodic updates,
may in part be explained because CPR was conceived as and
is currently promulgated as an appropriate intervention for
what turns out to be two pathophysiologically entirely dif-
ferent disorders: respiratory arrest and cardiac arrest.

A new approach to the resuscitation of individuals with
out-of-hospital cardiac arrest due to ventricular fibrillation
or pulseless ventricular tachycardia was developed by the
University of Arizona Sarver Heart Center CPR Research
Group in Tucson, Arizona.11–13 Many of the changes were

based on animal experimentation. This new approach,
now called Cardiocerebral Resuscitation (CCR), was imple-
mented in Tucson in late 2003 and a modified version was
instituted in 2004 in Rock and Walworth Counties of
Wisconsin.14 At the time of its implementation, it was a dra-
matic departure from the existing technique of cardiopul-
monary resuscitation (CPR) endorsed by the American
Heart Association and the international community in
“Guidelines 2000.”10

Data from the Emergency Medical Services (EMS)
quality control observational study in Rock and Walworth
counties of Wisconsin showed that this new approach is
clinically sound, for when the principles of Cardiocerebral
Resuscitation were utilized in the prehospital care of adults
with a witnessed arrest and an initially shockable rhythm,
a 300% improvement in survival was observed.14

The purpose of this chapter is to describe cardiocerebral
resuscitation (CCR) and its implementation, to review its
scientific rationale and to promote its acceptance by emer-
gency care providers worldwide.

Survival

The definition of “survival” is relevant for both statistical
and clinical reasons. Both the return of spontaneous cir-
culation and being alive at hospital admission were ini-
tially used as “survival” endpoints. But because many such
“survivors” ultimately died before being discharged from
the hospital, a more clinically relevant definition of “sur-
vival” has been introduced: neurologically intact survival
at hospital discharge.15,16
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Comparisons of survival rates are often difficult to
interpret because of differences in the definition of sur-
vival and the inclusion/exclusion criteria that exist in any
given report. But when survival rates for OOH-CA are
examined, it is clear that they are very low and, with few
exceptions, that they have remained stagnant over the last
few decades.17,18 Overall survival rates from non-trau-
matic OOH-CA in Tucson, Arizona have been unchanged
at about 6% over the past decade.19 Overall survival in
larger cities such as Chicago, Los Angeles, and New York is
closer to 1%.17 Most survivors are found in the subset of
patients with a witnessed arrest and an initially shockable
rhythm. In this group, survival in Tucson, Arizona has
been 10�2% for the past decade,19 while survival in Los
Angeles in 2002 was 6%,17 and in Rock and Walworth
counties in Wisconsin during 2000–2003 it was 20%.14

Three phases of ventricular fibrillation

The three-phase time-sensitive model of cardiac arrest
due to ventricular fibrillation, articulated by Weisfeldt
and Becker, is helpful in understanding some of the prob-
lems with CPR that are overcome with cardiocerebral
resuscitation.20

The first or electrical phase lasts for about 4 or 5 minutes
from the onset of collapse. During this period the most
important intervention is prompt defibrillation. Although
the heart is fibrillating, the myocardium has not yet used
up its energy stores nor has it undergone serious cellular
damage and is therefore not only responsive to the defib-
rillation shock but, if defibrillated, is also able to generate
a perfusing rhythm. This is why automated external defib-
rillators (AEDs) have been utilized so successfully in a wide
variety of settings, including airplanes, airports, casinos,
and in the community where prompt defibrillation could
be accomplished.21–24

The second or circulatory phase lasts for a variable
period of time, but probably from minute 4 or 5 to
minute10 after the onset of a VF arrest. Within this time, the
lack of myocardial perfusion during active myocyte con-
tractions results in waning cardiac energy stores and the
accumulation of toxic metabolites. Immediate defibrilla-
tion is inappropriate in this phase because the dysfunc-
tional ventricles seldom generate a perfusing rhythm. The
shock usually results in ventricular asystole or pulseless
electrical activity (PEA). Therefore, the most crucial inter-
vention during this phase is to restore myocardial blood
flow by the generation of adequate coronary perfusion
pressure with chest compressions prior to defibrillation.
Although not proven, myocardial perfusion is assumed to

help replenish energy stores and to remove toxic metabo-
lites to the point that the heart can respond adequately to
the defibrillation shock. These changes are assumed to
occur as chest compressions during the circulatory phase
have been shown to increase the amplitude of the electro-
cardiographically recorded fibrillation wave forms and
improve the chances of successful defibrillation with a per-
fusing rhythm.25–27 It is very probable that restoring perfu-
sion to the brain during this time period is also of critical
importance for neurologically intact survival.

The third or “metabolic” phase follows the “circulatory”
phase. Defibrillation first during this phase is almost uni-
versally unsuccessful and survival rates for individuals first
treated at this stage are uniformly very poor. In theory, both
the provision of adequate cerebral and coronary perfusion,
as well as adequate oxygenation and ventilation would be
a necessary prerequisite to survival. Multiple interacting
detrimental factors are operant during this phase.
Innovative therapies are needed. As noted above, an appre-
ciation of these three phases helps put into context some
of the recent findings in resuscitation research.

Cardiocerebral resuscitation

Cardiocerebral resuscitation, as its name implies, was
developed to improve neurologically normal survival of
patients with cardiac arrest by advocating continuous
cerebral and cardiac perfusion by early and near continu-
ous chest compressions.12,13 Its recommendations for
defibrillation are also guided by the three-phase time-
dependent model of ventricular fibrillation.20 Its primary
focus is amelioration of the global effects of the lack of per-
fusion that follow the cessation of effective cardiac activity.
It is this lack of perfusion that initiates, perpetuates, and
intensifies the pathophysiological derangements that
thwart the effectiveness of interventions such as defibrilla-
tion and ultimately leads to disability or death. The perfu-
sion pressures generated by chest compressions are
typically quite marginal relative to those developed by the
beating heart; any interruption of chest compressions has
a marked effect on perfusion and therefore the chance of
neurologically intact survival. The performance of near
continuous appropriately delivered chest compressions is
therefore a fundamental tenet of cardiocerebral resuscita-
tion (CCR).

The emphasis on limiting interruptions of chest
compressions is based on the findings that the major
determinant of neurologically normal survival from pro-
longed cardiac arrest is not the blood gas composition,
the acid–base balance, or the frequency or strength of
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defibrillation shocks, but rather the cardiac and cerebral
perfusion pressures generated during chest compres-
sions.13,33–37 Adequate perfusion must be generated rela-
tively early in the arrest, because delays in its establishment
results in few, if any, favorable outcomes.38

Chest compressions generate perfusion; and when they
are stopped, blood flow is immediately curtailed. This in
itself is detrimental; but equally important is that such
interruptions also transiently diminish the effectiveness of
subsequent chest compressions. It takes several compres-
sions to regenerate the perfusion pressures that existed
before the interruption.39 This effect is magnified by
repeated interruptions for activities such as rescue breath-
ing or assisted ventilations. But it is also relevant to inter-
ruptions for any reason, including those for pulse checks,
rhythm analysis, stacked shocks, intubation, patient
reassessment, intravenous line placements, and pacing
without perfusion. This is a major reason why cardiocere-
bral resuscitation advocates near continuous uninter-
rupted chest compressions and recommends that they
only be interrupted for rhythm analysis and defibrillation.

It should be emphasized once more that cardiocerebral
resuscitation was not developed for use in patients whose
arrest is non-cardiac in origin (even though many of its
principles might well be applicable in the management of
patients with respiratory arrest as well).

Cardiocerebral resuscitation summary

Cardiocerebral resuscitation is recommended for adults
with witnessed unexpected collapse without normal
breathing – a condition that is almost always due to cardiac
and not respiratory arrest or for patients with witnessed
collapse and a ventricular arrhythmia that might respond
to defibrillation or cardioversion.

There are three components of cardiocerebral resuscita-
tion or CCR. The first is directed toward the public to
emphasize the importance of activating the EMS system
(calling 911 in the United States), chest-compression-only
bystander CPR, and using an AED early in witnessed arrest
if a unit is readily available. Notably, the major difference
between CCR and CPR for this component is that CCR dis-
courages rescue breathing. This lay component has been
called “Be a Lifesaver” in Tucson and “Call and Pump” in
Rock and Walworth counties of Wisconsin.12–14 The most
appropriate name is probably, “Be a lifesaver – call and
pump.” The second component of cardiocerebral resusci-
tation consists of new recommendations for EMS systems
and personnel (Fig. 40.1.).12–14 This component will be
discussed in detail in the following sections. The third

component of cardiocerebral resuscitation is similar to the
second, but is for in-hospital personnel and encourages the
use of mild hypothermia and other therapies that improve
survival in comatose patients following a cardiac arrest.28–32

Cardiocerebral resuscitation guidelines

Laypersons are taught to “Be a lifesaver – call and pump.”
They are to call 911 as soon as possible and then begin con-
tinuous chest compressions (CCC) – that is pump on the
chest. Rescue breathing is not recommended. The tech-
nique of CCC is ideally taught with emphasis on a
metronome-guided rate of 100 per minute. Additionally,
full chest recoil after each compression is specifically
emphasized. Dispatchers answering 911 calls give CCC-
only instructions to callers and it is recommended that
they also provide metronome guidance.

Law officers and other EMS rescuers who are equipped
with AEDs are to defibrillate immediately only if they per-
sonally witness the collapse or if good continuous-chest
compressions are being provided by a bystander.
Otherwise, they are to perform CCC for 2 minutes (200
compressions so they do not have to be concerned about
the time) before defibrillation. To assure prompt defibrilla-
tion after the chest compressions, if only one rescuer is on
scene, AED pads are attached before continuous chest
compressions are initiated. If two rescuers are available,
one initiates chest compressions while the other attaches
the defibrillator pads. If a shockable rhythm is present, a
single shock is delivered, by using maximum joules and
biphasic waveforms if possible, and chest compressions are
immediately resumed for another 200 compressions.
Therefore, most of the voice instructions on the AEDs avail-
able at the time of this writing are to be ignored. During
training, emphasis is placed on minimizing the hands-off
period between cessation of CCC and delivery of the shock
and between the shock and resumption of CCC. Pulse
checks are not to be done following the shock, but rather are
performed after the 200 postshock chest compressions
during the rhythm analysis period. Establishment of intra-
venous access is encouraged as soon as possible, but again
without interruption of CCC.

Initial airway management consists of insertion of an
oropharyngeal airway and provision of high flow oxygen by
non-rebreather mask. Rescue breaths and assisted ventila-
tions (positive pressure ventilations that increase intratho-
racic pressure and decrease venous return to the heart) are
not encouraged until either the return of spontaneous cir-
culation or until after three cycles of “200 CCC/rhythm
analysis/� shock” are completed.
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Start CCC 
Place Pads 
OPA + O2

Did you witness arrest?

No

Yes

200 CCC 
Other interventions

Analyze/pulse check

Shockable?
No

Shock once 
at max joules

Yes

200 CCC 
Other interventions

Advanced airway
PPV @ 10/min

If single rescuer - place pads
before beginning CCC

Analyze/pulse check 
Shock once if indicated

Advanced airway 
PPV @10/min

Pace if indicated

Done 3 sets of 200 CCC ?

Yes

No

Transport

(1)  CCC

(2) Metronome @100/min for CC

(3) Switch pumper every minute

(4) OPA + oxygen

(5) Start IV or IO

(6) IV Epi (repeat every 3 minutes)

(7) IV Vasopressin (one dose)

(8) Glucagon (one dose of 2–4 mg)

(9) Atropine (brady PEA, asystole)

(11) Advanced airway(combitube or
       Endotracheal tube)

(12) Airway valve (ResQ Pod)

(13) Ventilate at 10–12/minute (one  
       every 5–6 seconds)

Interrupt chest compressions only for

(1) Switching pumpers

(2) Analysis/shock

Priority for “other interventions”

Pulse check procedure

(1)  Do near end of 200 CCC

(2)  Find carotid pulse during CC

(3)  Check pulse during analysis

Code monitor responsibilities

(1) Metronome must be used

(2) CC done properly: full recoil after compression

(3) Switch CC person every minute

(4) Ensure uninterrupted CC

(5) Interventions done as prioritized above

(6) Notify dispatch at moment

(a) shock given first

(b) ROSC

(6)  Amiodarone used if recurrent or persistent Vfib

(7) Assisted ventilation rate is10–12/minute

(8) Pulse checks done properly

(9) Note changes in spontaneous respirations

 (10) Note change(s) associated with ROSC

(11) ResQ Pod is removed if pulse returns or CPR 
       is discontinued

Positive pressure ventilations

Do during CCC

Deliver each breath in 1 second

Continue
uninterrupted CC

(1)

(10) Amiodarone 300 mg bolus (if  
       recurrent or refractory Vfib)

Fig. 40.1. Adult cardiac arrest.



If the first analysis after 200 CCC reveals a non-shockable
rhythm, chest compressions are resumed and ventilation
and advanced airway interventions are initiated with
emphasis upon minimal, if any, interruptions of CCC.
Hyperventilation is to be avoided. Individual ventilations
are to be performed at a rate of no more than 10 per
minute. Each breath is to be delivered over a 2-second
interval.

Of note, recommendations for ventilation after pro-
longed periods of chest-compression-only are not well
established and are the subject of ongoing investigations.

This protocol is only applicable to individuals with a
presumed cardiac arrest, i.e., an adult with unexpected
sudden collapse without normal breathing.

Defibrillation

Immediate defibrillation is the treatment of choice during
the first or “electrical” phase of a VF arrest; that is during
the first 4 minutes or so. Unfortunately, rescuers equip-
ped with defibrillators seldom arrive during this phase.
As mentioned above, immediate defibrillation during
the “circulatory” phase is counterproductive, producing
either asystole or PEA. Two human studies and animal
studies have demonstrated that this detrimental effect of
defibrillation can be avoided if the heart is perfused before
delivering the shock.25–27 During this phase, adequate
coronary perfusion is a prerequisite to successful defibril-
lation and currently this can only be achieved by chest
compressions.

Therefore, CCR advocates 2 minutes of CCC prior to
defibrillation in all cases except those where the AED-
equipped rescuer actually witnesses the collapse. This rec-
ommendation simplifies the EMS decision-making process
for a rescuer. It was developed for two reasons. First, it is
very often difficult to ascertain an accurate down-time in
real-life circumstances and thereafter to calculate the
minute interval. Second, the studies cited above did not
demonstrate a detrimental effect of performing compres-
sions (actually CPR) during the first or electrical phase of
VF arrest.26,27

Single shocks

Stacked shocks and their associated preshock analysis and
postshock pulse check activities interrupt chest compres-
sions for significant periods of time. Stacked shocks are
therefore not advocated in CCR. Instead, single shocks

immediately followed by resumption of chest compression
without a pulse check are recommended. In a recent study
from Seattle, a median interruption of 29 seconds was
observed when stacked shocks were utilized.40 This inter-
ruption of perfusion to the heart and brain is significant,
because studies have shown that interruptions as brief as
10–15 seconds significantly reduce the efficacy of a shock
and increase the incidence of postresuscitation myocar-
dial dysfunction.41,42 In man, the group in Seattle found
that rhythm reanalysis and subsequent shocks generated a
pulse in only 1 of 50 individuals studied. This meager
benefit came at a cost of no perfusion for median periods
of 45 and 55 seconds, respectively, for 2nd and 3rd shocks.40

These authors concluded, “Because the activities of
rhythm reanalyzes, stacked shock, and initial postshock
pulse checks had low yield with regard to the balance
between achieving or detecting a pulse and initiating CPR,
one consideration would be to eliminate these activities
from the resuscitation algorithm.”40 It is reasonable to con-
clude, especially with the increasing percentage of defibril-
lators having biphasic design, that the cardiocerebral
resuscitation approach of delivering single instead of
stacked shocks is credible.12,13

Postshock activities

A pulse is rarely present immediately after a shock that is
delivered during the circulatory phase of VF arrest. A recent
study reported that a pulse was detected during the initial
postshock interval in only 2.5% of cardiac arrest victims.40

Pulse checks immediately after a shock are therefore not
advocated. They seldom provide useful information and
they routinely interrupt chest compressions. Instead, CCR
recommends that pulse checks be performed during the
rhythm analysis period, when cessation of compression is
mandatory. The pulse site is ascertained during the last few
seconds of the 200 compression cycle.

The Sarver Heart Center CPR Research Group of the
University of Arizona noted in their experimental lab-
oratory that following prolonged VF arrest, that is, in the
circulatory phase of VF arrest, the shock almost always
defibrillated the subject into a non-perfusing rhythm.
Because researchers had immediate access to the hemo-
dynamics of the instrumented swine, they would immedi-
ately restart chest compressions to restore coronary
perfusion pressures. With this approach, pulseless electri-
cal activity was likely to revert to a perfusing rhythm.12,13

This is why a second set of 200 chest compressions is rec-
ommended immediately after the defibrillator shock.
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Chest compression technique

Cardiocerebral Resuscitation recommends a chest com-
pression rate of 100 per minute, the upper rate of that
currently recommended by Guidelines for CPR.9

Metronome guidance is advocated, because in the out-of-
hospital setting chest compression rates are very com-
monly above 120 per minute and not infrequently
approach 150 per minute (Kellum et al. personal commu-
nication). The impact of rapid rates on perfusion has not
been well studied in man. In experimental animals, com-
pression rates of 120 were found to be more effective than
chest compression rates of 60 per minute.43 These findings
were instrumental in the AHA Guidelines change from
compression rates of 60 per minute to 80 to 100 compres-
sions a minute in 1992.9 Compression rates of 150 in
experimental studies are associated with diminished
cardiac output.44

Recently, the importance of full chest recoil during the
release phase of each compression has been highlighted.45

Incomplete chest recoil compromises perfusion, because
it interferes with the generation of a negative pressure in
the chest cavity and therefore is associated with decreased
venous blood returning to the heart. As a consequence,
cardiac output is reduced. These authors noted incom-
plete chest recoil to occur in 46% of simulated resuscita-
tions performed by paramedics. In a companion study,
they found significant decreases in both coronary perfu-
sion pressure and cerebral blood flow when incomplete
chest recoil occurred.45 Accordingly, lifting the hands from
the chest after each chest compression is essential to
assure complete chest recoil.

Furthermore, when incomplete chest recoil was com-
bined with excessive ventilations, perfusion was severely
compromised.45 Excessive ventilation rates (see below) are
extremely common features reported by both in-hospital
staff and out-of-hospital paramedics.

Airway ventilations

The three recommendations that CCR makes concerning
airway management and ventilations in OOH-CA are sum-
marized as follows. (1) Bystander and first responder CPR
is simplified to continuous-chest compression-only CPR.
(2) Initial EMS airway management is limited to assuring
an open airway and administration of high flow supple-
mental oxygen. (3) Advanced airway management and
assisted ventilations should be initiated only when appro-
priate and performed in a manner that minimizes their
negative impact on perfusion pressures.

Although each of these three recommendations repre-
sents a deviation from the CPR guidelines 2000, and each is
counterintuitive to the “ABCs” that have been taught for
decades, the reasoning for each is presented below. Cardio-
cerebral Resuscitation does not advocate the elimination of
ventilations; instead, it emphasizes the beneficial effects of
negative intrathoracic pressure, e.g., normal breathing,
chest recoil, gasping or agonal breathing, and deempha-
sizes the use of positive intrathoracic pressure ventilation
from “rescue breathing,” bag-mouth ventilation, and endo-
tracheal intubation with positive pressure ventilation.46

Bystander “CPR”

Bystander and most first EMS responder should provide
continuous-chest-compression only, without rescue
breathing. At the onset of primary ventricular fibrillation,
the pulmonary veins, left side of the heart, and entire arte-
rial system are filled with oxygenated blood. Hence, the
traditional CPR-recommended initial step of positive pres-
sure “rescue” breathing with oxygen-poor exhaled breaths
never seemed reasonable. What is critical is that the exist-
ing oxygenated blood be delivered to the tissues. Because
of this logic, years ago, the Dutch recommended replacing
the ABCs of CPR with CBA.47

It is well documented that bystander CPR saves lives
when coupled with advanced cardiac life support.48–51

A significant problem contributing to the less than optimal
survival rates in OOH-CA, however, is the failure of citizens
to initiate bystander CPR, predominantly because they do
not want to do mouth-to-mouth rescue breathing on a
stranger.52–56 In some cultures the reluctance is even
greater.57 In Japan, only 2% of students and 3% of nurses
said they were willing to perform mouth-to-mouth rescue
breathing on a stranger.57 Other reasons include fear of
harming the victim or the complicated psychomotor skills
necessary. The requirement for “rescue breathing” is a
major problem. The AHA “Guidelines 2000” state that, “If a
person is unwilling or unable to perform mouth-to-mouth
ventilation for an adult victim, chest-compression-only
CPR should be provided rather than no attempt at CPR
being made.”58 Nonetheless, in our areas, before the insti-
tution of cardiocerebral resuscitation, this approach was
seldom if ever mentioned or taught.

But the major reason for recommending continuous-
chest-compression CPR for single bystander is that rescue
breathing, when performed the way it has been taught for
the past few decades, e.g., two breaths before each 15 chest
compressions, is actually harmful.59 Each recommended
breath is taught to be delivered over at least 2 seconds. This
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recommendation assumes a short time to deliver the two
recommended breaths before each 15 chest compressions.
But, by the time the would-be rescuer stops chest com-
pressions, lifts the victim’s chin, pinches their nose, takes a
deep breath, makes a seal with their mouth over the
victim’s mouth, blows, watches the chest rise and fall,
repeats this sequence a second time, and then finds the
location to reposition their hands and resume chest com-
pressions, the recommended “two quick breaths” inter-
rupts chest compression an average of 16 seconds.60 By
using a simulated single rescuer protocol, continuous-
chest-compression BLS was compared with “standard”
BLS in the experimental laboratory where the two breaths
were given over 16 seconds before each of the15 compres-
sions.59 In this study, Kern and associates found that the
survival rate was 13%.59 The survival rate of 13% was of
intense interest, for in Tucson, Arizona the average survival
of individuals with OOH-CA due to ventricular fibrillation
over the past decade was similar.19

Abella and associates reported that in-hospital subopti-
mal compression rates correlated with poor return of
spontaneous circulation and thus initial survival.61 Initial
survival rates were significantly higher for patients receiv-
ing more than 87 compressions per minute than were
those receiving fewer than 72 compressions per minute.61

Obviously, if every set of 15 compressions is interrupted for
14 to 16 seconds to deliver the recommended two ventila-
tions, the individual will not receive enough chest com-
pressions to survive.

Unfortunately, any changes in the guidelines that alter
the 2:15 rescue breathing to chest compression ratio might
improve survival, but only in those who receive prompt
bystander-initiated resuscitation. “Further, any change in
the ratio will not change the reluctance of bystanders to
perform bystander-initiated CPR.”62 One can only con-
clude that the recommendation of chest-compression-
only CPR for bystanders of cardiac arrest as recommended
by cardiocerebral resuscitation is logical.

What is the role of gasping or agonal respirations?

Another observation is that, if a subject collapses with ven-
tricular fibrillation, gasping lasts for a variable period
of time. Gasping is both fortunate and unfortunate. It is
fortunate because, when chest compressions are promptly
initiated, the subject is likely to continue to gasp and
provide self-ventilation. Indeed, Kouwenhoven, Jude, and
Knickerbocker in one of their early programs indicated
that ventilation was not necessary during chest compres-
sion because the subject gasped.1 (Demonstration of the

technique of CPR for New York Society of Anesthesiologist
1960s. Copy of demonstration provided on CD by J.R.
Jude). Nevertheless, gasping may be unfortunate, as most
lay individuals interpret this as an indication that the indi-
vidual is still breathing, and do not initiate bystander CPR
or activate the EMS as soon as they should. Education will
be essential to improving prompt initiation of bystander
chest compressions in patients with cardiac arrest.

Ventilations by emergency medical systems
personnel can be deadly!

The two major problems with assisted ventilations by the
Emergency Medical Services are the deleterious effects of
early intubation and hyperventilation.

As noted above, any interruption of chest compressions
during the circulatory phase of VF arrest markedly
decreases the chances of survival. In addition to the exces-
sive delays caused by AEDs, when the delay time for the
average intubation is added, the victim has little chance of
survival. Even in children, where respiratory arrest is more
common, it has been shown that the use of bag-mask ven-
tilation is better than intubation.63

As also noted above, however, all positive pressure venti-
lations increase intrathoracic pressures and thereby reduce
venous return. In the setting of cardiac arrest, this can result
in a significant reduction of cardiac output that, in turn,
compromises both cardiac and cerebral perfusion.64 This is
more than a theoretical issue; studies in trained and
retrained paramedics showed that once assisted ventila-
tions are initiated, they are almost always performed at rates
that severely compromise perfusion. Indeed, a recent pub-
lication by Aufderheide and Lurie entitled “Death by hyper-
ventilation” highlighted this real problem.65 In-hospital as
well as field observations documented that these personnel
delivered an average of 37 breaths per minute rather than
the 12–15 minutes recommended by the guidelines.66

Even when one is on the scene, it is difficult to get
the excited individual to “slow down” when it comes to
delivering ventilations. Cardiocerebral resuscitation proto-
cols minimize the chances for excessive ventilations.
Cardiocerebral resuscitation advocates placement of an
oropharyngeal device and oxygenation by non-rebreather
mask in the initial phases of treatment and deliberately
delay positive pressure ventilations in patients with an ini-
tially shockable rhythm. Assisted ventilations are not started
until ROSC or three series of 200 chest compressions and
shock (if necessary) are completed.14 While the first person
with a duty to respond applies the defibrillator pads and
begins chest compressions, the second emergency-trained
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and equipped EMS person places an oropharyngeal airway
and a non-rebreather mask with high flow oxygen.

The optimal type of ventilation by EMS personnel for
patients who have only had bystander-chest-compressions
prior to their arrival is unknown, and is the subject of
intense investigation.

Conclusions

This chapter describes cardiocerebral resuscitation, a new
approach to out-of-hospital witnessed arrest due to ven-
tricular fibrillation or pulseless ventricular tachycardia in
adults. We reviewed the studies that led the University of
Arizona Sarver Heart Center CPR Research Group and the
Tucson Fire Department and the EMS systems of Rock and
Walworth counties in Wisconsin to advocate and to help
institute this new methodology for witnessed unexpected
sudden cardiac arrest in adults. It is dramatically different
from Guidelines 2000 and is significantly different from
Guidelines 2005. Compared to historical controls, where
Guidelines 2000 CPR was used, cardiocerebral resuscita-
tion resulted in significant improvement in neurologically
normal survival in patients with out-of-hospital cardiac
arrest and shockable arrhythmias.14 In patients with wit-
nessed cardiac arrest and a shockable rhythm on arrival of
EMS system, survival was increased 300%.14 Although
these findings were in an observational study, they were so
dramatic and in accordance with our animal research
studies that we recommend this approach for all out-of-
hospital cardiac arrests with a shockable rhythm until a
different protocol is proven to be better.

Note added in proof

Since this chapter was initially submitted, preliminary data
on the effect of initiating Cardiocerebral Resuscitation in a
large metropolitan area has become available. Survival of
adults with cardiac arrest was compared for 6 months
before and after training of medics in two EMS agencies to
perform Cardiocerebral Resuscitation. The primary end-
point was survival of patients with VF to hospital discharge.
Survival to hospital discharge was 3.5% (3/85) prior to ini-
tiation of Cardiocerebral Resuscitation and 21% (21 of 97)
after (<0.001).67
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Cardiac arrest has been associated with a very poor prog-
nosis. It has been estimated that 15%–37% of patients suf-
fering in-hospital cardiac arrest, and only 5%–14% of
patients suffering out-of-hospital cardiac arrest are
expected to be discharged from hospital.1–3 Unfortunately,
the prognosis of these patients has hardly changed during
the last 20 years,4 which may be explained in part by the
lack of specific therapeutic strategies for cardiac arrest.
Several promising drug therapies have failed to improve
long-term survival.5,6 For example, administration of
amiodarone in patients with shock-refractory ventricular
fibrillation has been demonstrated to increase the number
of patients admitted to hospital,7 but no drug therapy has
shown a positive impact on long-term survival.

Coronary artery disease resulting in acute myocardial
infarction (MI) or ischemia-related arrhythmia and
massive pulmonary embolism (PE) are the causes of
sudden cardiac arrest in more than 70% of patients.8–10

Systemic thrombolysis is an established and effective
therapy for acute MI or PE occurring with hemodynamic
instability.11 The fear of causing life-threatening bleeding
complications, however, has been a major drawback for
using thrombolytic drugs during CPR. Consequently,
thrombolytic agents have historically been withheld in the
setting of cardiac arrest. According to the international
guidelines for the therapy of acute MI, prolonged or trau-
matic CPR has been regarded as a relative contraindication
for thrombolytic treatment.12,13 In the recent international
guidelines for cardiopulmonary resuscitation, however,
CPR is no longer a general contraindication to thrombo-
lysis.14,15 A high incidence of fatal bleeding complications,
however, may outweigh the potential therapeutic benefit
of thrombolysis during CPR.

In the first part of this chapter, we will outline the patho-
physiological background for the use of thrombolytic
drugs during CPR. In the second part, data from clinical
studies will be presented and discussed. In the third part,
safety concerns will be highlighted.

Pathophysiological considerations and
mechanisms of action

Thrombolytic therapy initiated during resuscitation after
acute MI or massive PE aims to treat the cause of cardiac
arrest while the patient is still being stabilized. Direct
thrombolysis at the site of coronary or pulmonary occlu-
sion may resolve the underlying cause of cardiac arrest in a
majority of patients and may increase the chance for
restoration of spontaneous circulation (ROSC) and the
maintenance of spontaneous circulation substantially.16

This is the most intuitive mechanism of thrombolytic
agents administered during cardiopulmonary resuscita-
tion (CPR). All thrombolytic agents, except for streptoki-
nase which is rarely used nowadays, directly activate
plasmin by stimulating the conversion of plasminogen to
plasmin. Plasmin has proteolytic activity on prothrombin
and thrombin, thereby resolving the vascular obstruction
(Fig. 41.1).

In addition, thrombolytic drugs may have an important
effect on the microcirculation, especially cerebral reperfu-
sion, after ROSC. Microcirculatory reperfusion disorders
are known to be one of the major reasons for cerebral dys-
function after cardiac arrest.17–19 It has been demonstrated
that 30 minutes after cardiac arrest lasting 15 minutes, 30%
of the cerebral microcirculation was not adequate.18
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Although the pathophysiology of cerebral reperfusion dis-
orders is not completely understood, increased blood vis-
cosity, endothelial cell swelling, leukocyte–endothelial
interactions, and capillary fibrin deposition caused by acti-
vation of coagulation, may play an important role for the
impaired cerebral reperfusion, also referred to as “no-
reflow” phenomenon, after cardiac arrest.20,21 The degree
of the “no-reflow” phenomenon probably translates into
neurological outcome after cerebral reperfusion. After
cardiac arrest, a marked imbalance between activation of
coagulation and fibrinolysis has been demonstrated. In
out-of-hospital cardiac arrest, blood coagulation was sig-
nificantly activated in all patients and was demonstrated
until 8 to 48 hours after ROSC. In contrast, in most patients,
the plasma levels of d-dimer, an indicator of endogenous
fibrinolytic activity, were not increased during CPR.22

These data suggested that in patients after cardiac arrest, a
marked activation of blood coagulation was not counter-
balanced by an appropriate activation of endogenous fib-
rinolysis. An impairment of fibrinolysis during and after
CPR caused by massive generation of fibrin in patients who
suffered out-of-hospital cardiac arrest was reported in
another study.23 Activation of coagulation during reperfu-
sion after cardiac arrest may be caused by hypoxia, stasis of
the blood, endothelial cell damage, and high levels of cat-
echolamines in the blood.16 In addition, significant activa-
tion of thrombocytes was reported during and after CPR in
humans.24,25 Therefore, thrombolytic treatment during
CPR aims at adjusting the balance of coagulation and fib-
rinolysis in order to reduce microcirculatory reperfusion
deficits after the arrest.

In an early observation, Crowell et al. found beneficial
dose-dependent effects on survival and neurological

outcome when heparin or streptokinase were administered
before cardiac arrest in dogs.26 Consistently, a combination
of heparin, dextran, and hypertensive perfusion 12 minutes
after cardiac arrest, resulted in an improved neurological
outcome in dogs.27 Whereas activation of coagulation may
be prevented by heparin, an intravascular deposition of
fibrin is not likely to be resolved by heparin alone.
Thrombolytic treatment started during CPR and continued
for 5 hours improved the recovery of cerebral perfusion and
neurological performance in dogs compared to untreated
controls.28 The effect of thrombolytic therapy administered
during CPR on cerebral “no-reflow” was investigated by flu-
orescent microscopy in cats.20 In that trial, animals that
received a bolus of alteplase and heparin after 15 minutes
of cardiac arrest showed a significant reduction in the
cerebral “no-reflow” in the entire forebrain compared to
animals that had received no thrombolytic treatment.
These experimental data suggested that the poor prognosis
of patients suffering cardiac arrest after fulminant PE or
acute MI is caused by pathophysiological changes that
are not influenced by conventional resuscitation efforts.
Thrombolytic treatment may have two beneficial effects in
these patients: while the direct actions of thrombolytics are
aimed at treating the cause of cardiac arrest, the effect
of thrombolytics on microcirculatory reperfusion after
cardiac arrest may contribute to a good neurological per-
formance of patients even after prolonged resuscitation.16

Clinical studies

The first report on thrombolysis during CPR in a patient
with fulminant PE was published more than 30 years ago.29

In the years following, many other case reports have been
published, most of them demonstrating an exceptionally
high rate of ROSC after unsuccessful conventional treat-
ment and a high rate of neurologically intact survivors even
after prolonged CPR.30 The promising results of case
reports and case studies have led to a number of clinical
studies in the in-hospital and out-of-hospital setting.

In-hospital studies

Several small in-hospital studies on thrombolytic therapy
during CPR have been performed (Table 41.1). In an early
study, 20 cardiac arrest patients with fulminant PE diag-
nosed by pulmonary angiography received streptokinase
via the pulmonary artery catheter. ROSC was achieved in 11
patients (55%).31 In a retrospective analysis,32 seven of nine
patients with acute angiographically proven PE showed
hemodynamic stabilization after administration of a
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thrombolytic drug during CPR (streptokinase, urokinase, or
alteplase), and five patients survived. Some of these
patients received CPR for up to 90 minutes to achieve
ROSC. Another retrospective study found ROSC to be
achieved significantly more frequently in 21 patients pre-
senting with cardiac arrest after massive PE who were
treated with a bolus dose of recombinant tissue plasmino-
gen activator (alteplase) during CPR compared to a control
group of 21 patients receiving standard treatment. Survival
rates, however, were not significantly different in the two
groups.33 In patients suffering cardiac arrest after acute MI,
Gramann and colleagues prospectively treated 28 patients
with thrombolytics during CPR after conventional resusci-
tation had been unsuccessful. Nine patients were stabilized
initially (32%), but only three patients (11%) survived.34 In a
prospective observational study,35 30 patients with out-of-
hospital (83%) and in-hospital (17%) cardiac arrest of
unknown origin received in-hospital treatment with
tenecteplase after failure of conventional resuscitation
efforts. ROSC was achieved in 30% of these patients, 17%
were admitted to, and 7% were discharged from hospital.
A recent prospective, double-blind, placebo-controlled
pilot study36 randomized 35 patients who were transferred
to hospital after out-of-hospital cardiac arrest to either
treatment with tenecteplase or standard treatment.
Patients treated with tenecteplase achieved ROSC more fre-
quently compared to standard treatment, but there was no
difference in survival at hospital discharge. Unfortunately,

that study was not powered to show a significant difference
in long-term outcome between the standard and throm-
bolytic treatment. In summary, clinical studies on throm-
bolysis during CPR have shown a significantly improved
rate of ROSC compared to standard treatment in patients
with cardiac arrest after massive PE or acute MI. In addi-
tion, most survivors who recovered were neurologically
intact after CPR even after prolonged resuscitation (
 90
minutes). The recent guidelines on CPR recommend con-
sidering thrombolytic therapy in patients with proven or
suspected PE and performing CPR up to 60–90 minutes
when thrombolytic agents have been given.14,15 More
studies, however, are necessary to determine if an improved
short-term survival can translate into an improved long-
term survival in these patients.

Out-of-hospital studies

As already stated, out-of-hospital cardiac arrest is known to
be associated with an extremely poor prognosis, and only
5%–14% of patients suffering out-of-hospital cardiac arrest
are expected to be discharged from hospital.1–3 Four studies
on out-of-hospital thrombolysis have been performed
(Table 41.2). An inclusion criterion in all studies was a sus-
pected cardiac cause of cardiac arrest, i.e., acute MI or
massive PE, which account for more than 70% of causes for
sudden cardiac arrest.8–10 In 34 out-of-hospital cardiac
arrest patients refractory to conventional advanced cardiac
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Table 41.1. Thrombolysis during CPR. In-hospital studies

Number Underlying Thrombolytic CPR-related Number of

Reference Study type of patients disease agent bleeding survivors

31 prospective 20 PE SK – 11

32 retrospective 9 PE SK / UK / rt-PA pectoral / sternal 5

hemorrhage, liver

laceration

34 prospective 28 AMI SK / rt-PA pericardial / sternal 3

hemorrhage (4)

49 retrospective 6 AMI SK / UK / rt-PA – 3

33 retrospective 21 PE rt-PA 2 liver ruptures, 2

mediastinal bleeding

35 prospective 30 n.r. TNK – 2

36 randomized, 19 n.r. TNK – 1

placebo-

controlled

Total 133 9 (6.7%) 27 (20.3)

AMI�myocardial infarction, CPR�cardiopulmonary resuscitation, n.r.�not reported, PE�pulmonary embolism, rt-PA�recombinant

tissue plasminogen activator (alteplase), SK�streptokinase, TNK� tenecteplase, UK�urokinase.



life support, “rescue” thrombolytic treatment was adminis-
tered.37 Five patients survived longer than 3 weeks, and
three of them were neurologically intact. In the first
controlled prospective study on thrombolysis in out-of-
hospital cardiac arrest,38 40 patients received thrombolytic
treatment (alteplase) and heparin during CPR after resusci-
tation had been unsuccessful for more than 15 minutes.
Compared to conventionally treated patients, significantly
more patients were hemodynamically stabilized in the
thrombolysis group (ROSC, 68% vs. 44%), and admitted to
an intensive care unit (58% vs. 30%); 15% of the patients
treated with alteplase were discharged from the hospital
alive, whereas only 8% of patients from the control group
were discharged. These results were confirmed by a retro-
spective chart review39 comparing 108 patients who
received alteplase during CPR with 216 control patients.
ROSC was achieved significantly more frequently after
thrombolytic treatment (70.4% vs. 51.0%). Survival after
24 hours (48.1% vs. 32.9%) and survival to discharge (25.0%
vs. 15.3%) were significantly improved in the thrombolysis
group. In contrast to these studies, the first randomized,
double-blind, placebo-controlled trial in patients present-
ing with pulseless electrical activity of the heart did not
show improved survival of patients who were treated with
alteplase during CPR.40 The results of that trial have been
difficult to interpret, however, since a population with an
extremely poor prognosis (no survivor among 116 patients
in the control group) was studied. Therefore, the study was
not powered to show any difference in a group of patients
with such a poor prognosis.41 In summary, early throm-
bolytic therapy may improve the outcome of patients suf-
fering out-of-hospital cardiac arrest of cardiac origin, but
more data from a large multicentre trial, which is currently

under way in Europe (see below), are required. The success
of any measure in these patients appears to depend on the
initial EKG rhythm; in patients presenting with asystole or
pulseless electrical activity, only studies with an extraordi-
nary high number of patients can be powered to show a
possible difference.

Safety of thrombolysis during CPR

The major safety concern associated with the use of throm-
bolytics is the risk of severe intracranial or systemic hem-
orrhagic complications. It is well known that thrombolysis
is associated with the risk of bleeding. The risk for major
bleeding, defined as bleeding that required transfusion or
was life-threatening within the first 35 days after throm-
bolysis for treatment of acute myocardial infarction, is esti-
mated to be about 1.1%, compared to 0.4% in the control
group, as shown in a large meta-analysis.42 The incidence
of intracranial bleeding after thrombolysis for acute
myocardial infarction is estimated to be 0.8% compared to
0.1% in the control group without thrombolysis.42 In
patients receiving thrombolysis for massive PE, the inci-
dence of episodes of intracranial bleeding, one-third of
which are fatal, has been reported to be up to 1.9%.43 In
summary, the risk for severe bleeding in patients with
acute MI or PE who received thrombolytics is thought to
range between 1.9% and 3.0% as compared to 0.5% in
patients not receiving thrombolytics.44 In addition, con-
ventional resuscitation efforts are frequently associated
with relevant bleeding complications,45 among which
hemorrhages of the heart and the great vessels, the lung,
and abdominal bleeding are most common.46,47 An overall
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Table 41.2. Thrombolysis during CPR. Out-of-hospital studies

Number of Thrombolytic Number of

Reference Study type patients agent CPR-related bleeding survivors

Klefisch 199537 prospective 34 SK hemothorax 5

Böttiger 200138 prospective, 40 rt-PA – 6

controlled

Lederer 200139 retrospective, 108 rt-PA 2 pericardial 27

controlled tamponades, 1

hemothorax

Abu-Laban 200240 prospective, 117 rt-PA 1 pulmonary 1

randomized, hemorrhage, 1 major

controlled hemorrhage (not

clearly specified)

Total 299 6 (2.0%) 39 (13.0%)

CPR�cardiopulmonary resuscitation, rt-PA�recombinant tissue plasminogen activator (alteplase), SK�streptokinase.



incidence for hemorrhagic complications in patients after
CPR of more than 15% has been suggested by autopsy
studies.44

Although the incidence of severe CPR-related bleeding
complications associated with thrombolysis after CPR is
similar to the incidence of severe hemorrhage reported in
the large studies on thrombolysis for acute myocar-
dial infarction or PE,44,48 the risk of severe bleeding caused
by thrombolysis during CPR may be higher. As shown
in Table 41.1, the incidence of CPR-related bleeding com-
plications reported by several in-hospital studies on
thrombolysis during CPR appears to be about 6.7%.
Although these hemorrhages were severe, all of them
were treated successfully by blood transfusion or urgent
surgical intervention.

Out-of-hospital thrombolytic treatment during CPR
may be expected to be associated with a significantly
higher incidence of bleeding, as history-taking and physi-
cal examination of the patient are often limited. The overall
incidence of severe bleeding complications related to CPR
reported in out-of-hospital studies on thrombolysis during
CPR, however, was 2.0% (Table 41.2) and therefore, similar
to the overall incidence of bleeding following thrombolytic
therapy without CPR. In the retrospective study by Lederer
et al.,39 autopsy was performed in a subgroup of non-sur-
viving patients which revealed 6 severe bleeding incidents
in 45 patients who had received thrombolytic treatment,
3 of them directly related to CPR. Interestingly, 7 cases of
severe bleeding were identified in the corresponding
control group of 46 patients. Therefore, thrombolytic treat-
ment did not appear to have influenced the incidence of
severe hemorrhagic events. Consequently, the recent CPR
guidelines do not regard ongoing CPR as a contraindica-
tion to thrombolytic therapy.14,15 In summary, recent data
do not suggest that thrombolysis during out-of-hospital
resuscitation is associated with a critically increased bleed-
ing risk. Nevertheless, more data are necessary to assess
the exact risk and the benefit/risk ratio of thrombolysis
during CPR.

Outlook

A large randomized, double-blind, placebo-controlled
multicenter trial on thrombolysis during CPR after out-of-
hospital cardiac arrest has been recently performed in
Europe. The Thrombolysis in Cardiac Arrest (TROICA)
trial was designed to enroll more than 1000 patients in 10
European countries who suffer witnessed cardiac arrest of
presumed cardiac origin. The primary endpoint was sur-
vival at 24 hours and 30 days; additional endpoints include

neurological performance of surviving patients and
the incidence of bleeding complications. The study
showed an increase in survival at the primary endpoints
by addition of tenecteplase to standard therapy.
Interestingly, thermolytic therapy also did not increase
symptomatic intracranial hemorrhage and major bleed-
ing rates. A detailed presentation of these results that were
presented at the World Congress of Cardiology 2006 is
expected for 2007.

Conclusions

The poor prognosis of patients suffering cardiac arrest
has not changed. No drug therapy has been found to
improve the long-term survival of patients undergoing
CPR. Thrombolytic therapy administered during CPR has
been shown not only to eliminate the coronary thrombosis
or pulmonary vascular obstruction, but also to improve
microcirculatory reperfusion after ROSC. Clinical studies
on thrombolytic treatment of patients suffering cardiac
arrest of presumed cardiac origin have shown improved
short-term outcome and a trend towards improved long-
term outcome. The risk of causing critical bleeding compli-
cations does not appear to outweigh the potential benefit in
patients with suspected massive PE. In addition, throm-
bolytic therapy may also be considered in patients with
acute MI in whom conventional CPR has been unsuccess-
ful. A large, randomized, placebo-controlled study which
has recently been performed in Europe is expected to yield
more detailed evidence for or against a generalized use of
thrombolytic drugs in patients suffering cardiac arrest of
presumed cardiac origin.
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Introduction

Coronary artery disease represents the most important
cause of out-of-hospital cardiac arrest. Immediate coro-
nary angiography in patients after reestablishment of
spontaneous circulation demonstrated angiographic evi-
dence of coronary artery disease in 80% of patients, with
the majority (90%) having significant obstructive stenoses
of one or more coronary arteries.1 Experimental animal
models have shown that coronary obstructions have a pro-
found effect on the utility of cardiopulmonary resuscita-
tion to perfuse the myocardium during cardiac arrest.2 We
found that coronary diameter stenoses as little as 33%
decreased distal perfusion by more than half (see Chapter
18 for more details).2 Postmortem examinations of sudden
cardiac death victims indicate that unstable plaque with
associated coronary thrombosis may be documented in
more than 80% of the cases.3 Accordingly, acute coronary
thrombotic events leading to critical narrowing or com-
plete coronary obstruction and possibly distal microem-
bolization may be a main trigger of sudden arrhythmic
cardiac arrest.

Current strategy for management of acute
coronary syndromes

Acute coronary syndrome (ACS), based on 12-lead elec-
trocardiogram, is traditionally divided into evolving ST
segment elevation acute myocardial infarction (STEMI) and
unstable angina/non-ST elevation myocardial infarction

(UA/NSTEMI) (Fig. 42.1). More than 90% of the patients
with STEMI have a complete thrombotic occlusion of the
epicardial part of one of the coronary arteries without ade-
quate collateral flow to the distal part of the affected artery.
The mechanisms of coronary obstruction in patients with
UA/NSTEMI are more heterogeneous. Pre-existing chronic
coronary narrowing, plaque inflammation, thrombosis and
spasm, alone or in combination, lead to critical stenosis
rather than complete occlusion of the culprit artery. 

Immediate, complete, and sustained recanalization of the
culprit coronary artery, preferably by primary percutaneous
coronary intervention (PCI), is crucial for survival of
patients with evolving STEMI. This is also true for a small
subgroup of patients presenting with an isolated posterior
wall acute myocardial infarction. In these patients the ECG
often shows both ST depression and a tall R wave in the
second and third (V2–V3) precordial leads in this subgroup.

Patients with UA/NSTEMI, on the other hand, undergo
early risk stratification and those with high risk features
(positive troponin, ST depression, recurrent ischemia/
heart failure/malignant arrhythmia despite adequate
medical therapy) qualify for an early invasive approach
including coronary angiography and revascularization
within 24 to 48 hours after admission.4

Immediate coronary angiography and PCI after
resuscitated cardiac arrest

Since acute coronary syndrome is the underlying event in
the majority of the patients with sudden arrhythmic

764

42

Percutaneous coronary intervention (PCI) after successful
reestablishment of spontaneous circulation and during
cardiopulmonary resuscitation

Marko Noc1, Bjørn Bendz2 and Karl B. Kern3

1 University Medical Center, Ljubljana, Slovenia
2 Rikshospitalet University Hospital, Oslo, Norway
3 University of Arizona Sarver Heart Center, Tucson, Arizona, USA

Cardiac Arrest: The Science and Practice of Resuscitation Medicine. 2nd edn., ed. Norman Paradis, Henry Halperin, Karl Kern, Volker Wenzel, Douglas

Chamberlain. Published by Cambridge University Press. © Cambridge University Press, 2007.



cardiac arrest, immediate coronary angiography, followed
by PCI, after reestablishment of spontaneous circulation is
ideally suited to define and treat the culprit coronary
event. By adequate percutaneous treatment of the coron-
ary culprit, greater electrical stability and myocardial
salvage leading to reduction in recurrent arrhythmias,
hemodynamic stabilization and reduction in infarct size
may be expected. The American College of Cardiology and
American Heart Association in their guidelines for
Coronary Angiography5 suggest that adult patients suc-
cessfully resuscitated from sudden cardiac arrest are at
high risk for recurrence and should undergo coronary
angiography to identify coronary artery disease for poten-
tial revascularization therapy (Class I recommendation).
Although they recognize that immediate coronary angio-
graphy in survivors of out-of-hospital cardiac arrest can
reveal acute coronary occlusion in nearly 50% of patients,
and that successful emergency PCI of an acute occlusion is
an independent predictor of survival,1 no specific recom-
mendation concerning timing of such angiography is pro-
vided. The most common approach has been to perform
coronary angiography on cardiac arrest survivors before
implantation of an ICD before hospital discharge. If the
patient is deemed not a candidate for the ICD (usually sec-
ondary to central nervous system injury), coronary angio-
graphy is likewise not usually performed. An AHA
statement from 1997 further addresses this issue.6

An alternative approach is to submit all resuscitated
victims of cardiac arrest to coronary angiography upon pre-
sentation at the hospital. Most will not have regained
consciousness by that time, making assessment of their
long-term neurological prognosis uncertain. Some
European centers have championed this approach,1 but at
the present time the data supporting such treatment are
limited.7,8 There are no current recommendations from
either American Heart Association/American College of
Cardiology7,9 or the European Society of Cardiology4 with
respect to such an immediate invasive approach.
Accordingly, immediate coronary angiography and PCI for
all resuscitated cardiac arrest victims is routinely per-
formed in only a few PCI centers. It is becoming more
common to perform early postresuscitation angiography
and PCI in patients showing evidence of a STEMI (showing
persistent ST elevation after resuscitation). In contrast, for
patients with UA/NSTEMI, coronary angiography and per-
cutaneous or surgical revascularization is usually delayed
for several days until more accurate information regarding
their neurological outcome can be obtained.10 It is, import-
ant to notice, however, that acute chest pain and ST-
segment elevation may be less predictive for acute
coronary occlusion after resuscitated cardiac arrest. Even

though the positive predictive value for coronary occlusion
in the presence of both signs is 87%, the negative predictive
value is only 61%.1 The absence of localizing electrocardio-
gram changes may indicate that the occlusion may be old
and is not necessarily causally related to the fatal arrhyth-
mia. Moreover, interpretation of the 12-lead electrocardio-
gram is further complicated because transient broad QRS
complexes often appear immediately after reestablishment
of spontaneous circulation and may resolve spontaneously
by the time the next 12-lead electrocardiogram is obtained.
Several 12-lead electrocardiograms are warranted after
resuscitation to ensure that such transient changes are not
mistaken for a STEMI.

An immediate invasive approach with coronary angio-
graphy and PCI would make sense if improvements not
only in survival but also in survival with acceptable neuro-
logical outcome (Cerebral Performance Scale 1 and 2)
could be expected. Except for patients with short intervals
of cardiac arrest who have already regained consciousness
on reaching the emergency department (Figs. 42.2 and
42.3), neurological outcome is impossible to predict accu-
rately in unconscious patients at the time when decision
for immediate coronary angiography and PCI has to be
made. Since patients with unwitnessed cardiac arrest, no
basic life support, long delay between call and arrival of the
ambulance, and non-shockable rhythms on first electro-
cardiogram are unlikely to regain consciousness despite
initially successful cardiac resuscitation,11 they generally
have not been treated with an immediate invasive
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Fig. 42.1. Classification of acute coronary syndrome and

principles of treatment based on 12-lead electrocardiogram.

STEMI � ST-segment elevation acute myocardial infarction;

LBBB � new left bundle branch block; UA � unstable angina

pectoris; NSTEMI-acute myocardial infarction without ST-

segment elevation; PCI � percutaneous coronary intervention.



approach. The decision for such an approach is therefore
largely made on an individual basis and may vary signifi-
cantly according to interventional and acute cardiac care
hospital facilities and practice.

Primary PCI in STEMI after resuscitated cardiac
arrest

During primary percutaneous coronary intervention, the
thrombotic occlusion in the infarct-related artery is first-
passed by a guidewire introduced via the guiding catheter
(Figs. 42.4 and 42.5). A PCI balloon is then advanced
over the wire and filled with the contrast medium under
high pressure to compress and fragment the thrombus
and restore coronary patency and flow. Alternatively, a
dedicated suction device can be used to aspirate the

thrombotic burden. In a great majority of the current
patients (�80%), a coronary stent is deployed to secure a
good and stable angiographic result with epicardial
patency and normal epicardial coronary blood flow in
excess of 90%.

Even though primary PCI is considered both a better and
safer reperfusion strategy than thrombolysis in evolving
STEMI,12 data on the use of such mechanical reperfusion in
the subgroup of patients with resuscitated cardiac arrest
are very limited. Kahn and coworkers were the first to
report 11 selected patients with out-of-hospital ventricular
fibrillation and STEMI after reestablishment of spontan-
eous circulation.7 Four of their patients had regained con-
sciousness before arrival in the emergency department.
The infarct-related arteries were the left anterior descend-
ing artery (LAD) in 9 patients and the right coronary artery
(RCA) in 2 patients. PCI was successful in 7 out of
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Fig. 42.2. Electrocardiogram of 41-year-old patient who had emergency personnel-witnessed ventricular fibrillation and regained

consciousness after short period of chest compression and successful defibrillation on the field.



11 patients; 6 patients survived to hospital discharge.
Complete neurological recovery was documented in 4
patients and mild disability in 2 patients.

Recently, Bendz and coworkers reported long-term sur-
vival in 40 STEMI patients with less than 10 minutes
of untreated ventricular fibrillation before reestablishment
of spontaneous circulation in the field.8 A great majority of
the patients (90%) were unconscious at the time of coro-
nary angiography. The infarct-related arteries were LAD in
50%, left circumflex (LCX) in 5%, RCA in 30% and an unpro-
tected left main coronary artery (LMCA) in 15%.
Contemporary techniques of primary PCI, including
coronary stenting and glycoprotein llb/llla inhibitor,
resulted in much better angiographic results than were
reported by Kahn and coworkers.7 Optimal angiographic
results in the culprit artery were obtained in 95% of the

patients. In-hospital and 2-year mortality of this very high
risk STEMI subgroup of patients was only 28%.
Accordingly, with contemporary technology, primary PCI
is both feasible and highly successful in selected STEMI
patients after resuscitation from cardiac arrest.

The recent advances in preserving central nervous
system function after resuscitation by using mild thera-
peutic hypothermia in comatose survivors of cardiac
arrest13,14 makes an interesting theoretical basis for more
aggressive use of primary PCI in resuscitated victims of
cardiac arrest with persistent ST elevation. Thus, a combi-
nation of primary PCI preceded or followed by induction of
hypothermia (32 ° to 34 ° Celsius) may be an important
future approach. At the moment, however, there are no
specific data in the literature showing improved outcome
with this combined approach.
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(a) (b)

(c) (d)

Fig. 42.3. Immediate angiography revealed subtotal “hazy” stenosis of the midshaft of the left main coronary artery (a). Direct stenting

with a drug-eluting stent was successfully performed under hemodynamic support of intraaortic balloon counterpulsation (b). Finally

angiography revealed widely patent left main coronary artery in both angiographic views (c) and (d).



PCI during cardiopulmonary resuscitation

Cardiac arrest can occur during coronary angiography or
PCI or both procedures. This complication, although rare,
must be dealt with expeditiously if the patient is to be
resuscitated and survive long-term with intact neurolog-
ical function. An important part of therapy is to deal with
the underlying cause of cardiac arrest during angiography
or PCI.15

In the majority of the cases, interventions such as car-
dioversion/defibrillation, intravenous pacing, pharmaco-
logical agents such as epinephrine and amiodarone, as
well as mechanical support by intraaortic balloon counter-
pulsation at least temporarily restore spontaneous circu-
lation, which allows a lifesaving PCI attempt. If these
stabilizing measures fail, PCI may be attempted during
ongoing cardiopulmonary resuscitation (CPR). Such a
combined PCI/CPR procedure requires not only extra-
ordinary skills, but close cooperation and coordination
between the interventional cardiologist and the CPR team.
Intermittent pauses in chest compressions during differ-
ent phases of PCI (placement of guiding catheter, passage
of a guidewire, balloon inflation, stent deployment) may be

required, but the more chest compressions and hence
circulatory support to the central nervous system, the less
likely will irreversible neurological damage result.
Continuous monitoring of aortic pressure is very valuable
for assessing the adequacy of chest compression because it
provides an invasive and fair estimate of coronary perfu-
sion. If at all possible an aortic diastolic pressure of at least
25–30 mmHg should be maintained during CPR.16 If an
intraaortic balloon counterpulsation is in place, continu-
ous balloon inflation during chest compression may
further increase vital perfusion pressures by centralizing
the flow generated by chest compression to the heart and
head.17 Fast and successful PCI of the culprit lesion may, in
addition to the previously described measures, result in
reestablishment of spontaneous circulation.

A review of Anglo-Saxon literature revealed reports of 11
patients who underwent a combined PCI/CPR procedure
either in the setting of ongoing acute coronary syndrome
or due to complications during elective coronary angio-
graphy or PCI.18–22 In 10 patients, the culprit event was a
severe stenosis or occlusion of unprotected LMCA. One
patient presented with ongoing STEMI due to ostial occlu-
sion of LAD. Since an ostial spasm with complete occlusion
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Fig. 42.4. 12-lead electrocardiogram of 56-year-old still unconscious patient after resuscitated out-of-hospital ventricular fibrillation on

arrival to emergency department. ST-segment elevation in precordial leads together with multiple ventricular ectopic beats is seen.



of LCX occurred during the LAD stenting, this patient may
be regarded as having the equivalent of an unprotected
LMCA occlusion as well. Accordingly, there was an
extremely large amount of ischemic myocardium in each
of these 11 patients who developed cardiac arrest on the
angiography table. PCI with balloon predilatation or direct
stenting during interruptions of chest compression was
successful in every patient, and 9 out of 11 patients sur-
vived at least to hospital discharge.

It is, however, very important to emphasize that only
successful cases are likely to be reported in the medical lit-
erature and actual survival of such patients is probably
much worse. Nevertheless, these case reports underscore

the notion that combined PCI/CPR intervention should be
attempted, because the patient may survive long term with
complete neurological recovery if the catastrophic coron-
ary problem can be resolved quickly and adequate cerebral
perfusion is maintained during PCI.

But what if cardiac arrest preceded the patient’s entry
into the cardiac catheterization suite? What if ongoing
resuscitation efforts have been underway without success
for a while? Is PCI possible and efficacious in such dire
circumstances? This is perhaps the most difficult situ-
ation since long-term central nervous system outcomes
depend on both the quality of resuscitation effort and its
duration. Each individual case must be carefully and
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(a) (b)

(c) (d)

Fig. 42.5. Immediate coronary angiography revealed complete thrombotic occlusion of left anterior descending artery (a). Guidewire

was easily advanced across the occlusion. The PCI balloon was positioned at the site of thrombus and filled by contrast medium under

thigh pressure (b). Following balloon deflation, antegrade flow was re-established (c). Because of dissection and residual thrombosis at

the culprit lesion, a bare metal stent was successfully implanted with optimal angiographic result (d). The patient was then transferred to

the intensive care unit for temporary mechanical ventilation and hemodynamic support, regained consciousness 3 days later, and was

discharged in normal neurological condition.



quickly evaluated before preceding with an attempt at
PCI.

Observations of the coronary anatomy at the onset of
cardiac arrest may also explain, at least in part, why even
timely CPR may not be effective in a considerable number
of patients in the field. A major coronary event such as
severe stenosis or occlusion of an unprotected LMCA,
unless resolving spontaneously, most likely precludes ade-
quate myocardial perfusion during CPR and hence failure to
reestablish spontaneous circulation. In such patients, use of
thrombolytics during CPR for refractory cardiac arrest may
be a preferred approach. Thrombolytics given during CPR in
an attempt to use chemical reperfusion means and reestab-
lish spontaneous circulation in the field, may at least theo-
retically represent the only option of achieving reperfusion
of such a culprit sentinel artery23–25 before the coronary
anatomy can be defined and PCI performed.

Summary

Percutaneous coronary intervention after successful
resuscitation is becoming more common, particularly for
those cardiac arrest victims manifesting evidence of a
STEMI post resuscitation. The greatest challenge is deter-
mining the most appropriate candidates, because the
majority of such patients are comatose and their long-term
neurological function is not easily determined before the
time such intervention is contemplated and performed.
Percutaneous coronary intervention can be attempted
during resuscitation, but great care in needed to ensure
that adequate chest compressions are performed through-
out the effort to avoid damage to the central nervous
system even if the myocardium is reperfused.
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Introduction

Emergency Medical Services (EMS) constitute a unique
component of health care in the prehospital setting.
Prehospital EMS systems are commonly understood as the
resources used for planning and providing medical care for
patients who experience an unpredicted need for emer-
gency or urgent medical care outside a hospital. The EMS
system’s primary role is to provide care for patients whose
lives are at immediate or imminent risk. In the beginning
of organized prehospital care, most emergencies were of
traumatic origin but in the last decades this has changed to
include medical problems. In 2002 at the conference of the
European Resuscitation Council in Florence the First Hour
Quintet (FHQ) was defined, a set of five major medical
problems of prehospital care on which EMS can have a sig-
nificant impact on the outcome; these are:
• out-of-hospital cardiac arrest (OHCA)
• severe respiratory difficulties
• severe trauma
• chest pain, including acute coronary syndrome
• stroke.
Together these conditions are among the four leading causes
of death in the European Union (EU). Cardiovascular prob-
lems, cancer, external causes, and respiratory diseases repre-
sent the top four leading causes of death and morbidity: 80%
of all deaths are attributable to these common causes.
Cardiovascular disease (CVD) is the number one cause of
death in all EU countries, resulting in 4 million deaths per

year in Europe or 1.5 million in the EU, respectively. CVD also
accounts for the largest amount of years of life lost by early
death in Europe and in the European Union, contributing
significantly to the escalating costs of health care. Coronary
Heart Disease (CHD) is the most important cause of death in
the adult population, comprising 55% of all CVD deaths.
Acute coronary syndromes (ACS) include acute myocardial
infarction(AMI),unstableangina,andsuddencardiacdeath.
This diagnostic group represents the most severe forms of
CHD. With this group, rapid access to the health system and
prompt definitive care are vital. Mortality from ACS is
extremely common outside the hospital, with 52% of deaths
occurring before the patient reaches the hospital (World
Health Organization (2004): The World Health Report 2004.
Changing History. Geneva). Out-of-hospital cardiac arrest
with prehospital cardiopulmonary resuscitation is the most
time-critical emergency. Chance of survival from this event
decreaseseveryminuteby5%–10%thatpasseswithouttreat-
ment.1–3 The design of EMS systems significantly influences
survival rates.4,5 On the basis of data from different EMS
systems across the world, the annual incidence of resuscita-
tion for out-of-hospital cardiopulmonary arrest of cardiac
aetiology is 5–119 per 100 000 population5–7 with an average
incidence of 38 CPR attempts per 100 000 per year.7

In cases of OHCA therefore, EMS systems are the only
organised providers bringing professional care to patients.
Success of resuscitation measures is closely linked to
minimizing the time without treatment and delivering
definitive care as fast as possible. To reach these targets, each
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link of the Chain of Survival (Fig. 43.1) must be analyzed and
optimized by the provider of EMS. This includes early recog-
nition of the emergency and activation of the EMS, early
CPR, early defibrillation, and early advanced life support.

First link: Early recognition and call for help

Early recognition and call for help is the first link in the
chain of survival. This step is a complex task for EMS and
dispatch providers, however, because it encompasses mul-
tiple requirements.8,9

1. Recognition of sudden cardiac arrest by lay persons,
which will be improved by training programs10–12

2. Call for help, knowledge of the “common” emergency
number, comprehensive transfer of essential informa-
tion to the dispatch center

3. Early receipt of the call in the dispatch center
4. Ability to differentiate calls into categories, including

immediately life-threatening, urgent, and non-life-
threatening (prioritization)13–17

5. Recognition of sudden cardiac arrest as an emergency
of highest priority (criteria-based dispatch)8,18,19

6. Localization of emergency (calling line identity)
7. Localization of nearest ambulance and dispatching the

appropriate response (Global Positioning System
(GPS), computer-aided dispatch of Emergency Life
Support (ELS), Basic Life Support (BLS), Advanced Life
Support Units (ALS))20

8. Telephone-guided CPR8,21–25

9. Fastest possible drive to the place of emergency (GPS-
guided)26

EMS providers are involved in all of these requirements.
For example, to improve the ability of lay persons to recog-
nize sudden cardiac arrest, public training programs have
to be organized. These programs should start at primary
school, but they must be continued during secondary
school, high school, and university, and other job train-
ing.12,27–31 Lay rescuers should be taught how to call for
help, as well as basic life support skills and the use of auto-
mated external defibrillators (AED).32,33 By using geo-
graphic information systems (GIS) it is possible to identify
clusters of OHCAs in which the patients did not receive
bystander CPR and where direct educational programs
should be started.34

The provision of organized prioritization and dispatching
systems is the crucial first step in the delivery of any emer-
gency medical support, especially in sudden cardiac
arrest.9,35 Dispatch procedures have an important gate-
keeper role in sorting, streaming, and directing resources.
While dispatch centers may take a wide range of calls, it is
vitally important that they are able to differentiate calls into
categories, including Immediately Life-Threatening : like
sudden cardiac arrest, or Urgent and Non-Life-Threatening.
They must have the alternative to respond immediately to
emergencies of CPR with ALS-units and to pass non-urgent
minor illness calls to alternative resources, such as General
Practice or ELS/BLS units.14 This allows them to avoid
down-grading the responsiveness of the resource-limited
system. The best strategy for prioritization of the calls is still
under discussion. A distinction is drawn between com-
puter-aided criteria-based dispatch.36–40 and having highly
qualified personnel at the dispatch centers, like physicians
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in France41,42 or paramedics and highly trained dispatchers
in other parts of Europe.43–47 Independent of the employed
personnel at the dispatch centers, it is commonly accepted
that improvement of dispatch techniques needs a supervi-
sory quality assurance program.35,48–51

After identification of OHCA, dispatch personnel must
localize the place of emergency and send out the nearest
ambulance unit. These tasks will be supported best by
computer-aided dispatch, including caller line identifica-
tion and GPS.26,52,53

Second link: Early CPR, to buy time

After ischemia, the recovery of the brain is related to the
duration of no-flow. In the clinical situation it is widely
accepted that after more than 5 minutes of ischemia,
full recovery of brain function is almost impossible.
Experimental studies, however, clearly demonstrated that
after 11 minutes54 or even 60 minutes55,56 of cerebral
ischemia under normothermic conditions, neurological
recovery to nearly normal function is possible. These
studies, therefore, emphasize the hypothesis that there is
still a chance for survival after sudden cardiac arrest
beyond the 5-minute limit. But with increasing time of no-
flow, the chance of survival after OHCA dramatically
decreases:57–59 this is a clear request for optimized EMS
design. Many clinical studies consistently show that the
early initiation of BLS measures – cardiac massage and
ventilation – will improve neurological recovery and
increase survival rates two- or threefold.2,60–62

To buy time, basic life support should be started when the
first contact to EMS is made. Telephone-guided CPR8,63–65

organized by the dispatch center therefore should be con-
sidered, because early bystander CPR can double or triple
survival from OHCA.2,60,61 ThenewguidelinesofCPRrecom-
mend–especiallyfortelephone-guided CPR – that laypeople
should be encouraged to perform compression-only CPR if
they are unable or unwilling to provide rescue breaths,
although combined chest compression and ventilation is the
better method of CPR.33,65 To minimize duration of layperson
CPR, the ambulance units bringing professional help to the
OHCA victim should arrive in the shortest time.This could be
attained by training the EMS drivers66,67 and the implemen-
tation of GPS and GIS assisted dispatch.26

The providers of EMS therefore are challenged to reduce
the time interval without professional treatment to a
minimum.68,69 However, this medical need is limited by
financial resources and legal requirements. The response
time interval, which is one of the main determinants of
EMS costs, is often defined by law, but the definition across

Europe differs widely. The European Emergency Data
Project (EED).9 (www.eed-project.de) defined the response
time interval uniformly as time interval from receiving the
call at the dispatch center to arrival of the ambulance on
scene. For comparing and benchmarking EMS systems a
uniform format must be used. The response time interval
should be expressed as a percentage of highest priority
calls that were reached within 8 minutes. By using this
format the ability of the EMS system to meet the widely
accepted 8-minute response-time standard will be mea-
sured. The data must be provided as percentiles. Average
response times are not only misleading, they are also clin-
ically inappropriate. The EED-group found the response
time to be a valuable indicator of EMS system performance
across Europe. In 2004, 22 out of 31 UK Ambulance trusts
reached the nation-wide key target defined by getting
a first EMS response in 75% of category A calls within
8 minutes (http://ratings 2004.health carecommission. org.
uk/). In some European and US high performance EMS
systems, up to 85%–90% of all highest priority calls were
read within 8 minutes (www.eed-project.de).

To reduce the time interval of no-flow and to optimize
the response time interval, EMS providers should review
and implement the following measures.
1. Training of laypersons in BLS skills beginning in

primary schools27,28,30,70–72

2. Telephone-guided CPR8,21–25

3. First responder unit organized by professional care
providers (fire fighters, police, patient transport ambu-
lance)69,73–79

4. First responder units initialized by volunteer aid orga-
nizations73,80

5. Strategy of the nearest ambulance unit81

6. Computer-aided dispatch, caller line identification, GPS
localization and guidance of ambulance units18,26,52,82

7. Ambulance base paging83,84

8. Improved deployment of ambulances by using Geogra-
phic Information Systems and the Global Positioning
System85,86

9. Predictive analysis for localization of highest priority
calls

Third link: early defibrillation, to restart the heart

Public access defibrillation, first responder units with
AEDs

Early defibrillation is a key link in the Chain of Survival.
In ventricular fibrillation after cardiac arrest it is a class 1
recommendation of the 2005 guidelines of CPR,87,88
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because it has been shown that early defibrillation
improved outcome from VF/VT cardiac arrest.73,89–92 EMS
providers therefore are responsible for implementing
early defibrillation programs. They have to equip BLS- as
well as ALS-units with manual or automated defibrilla-
tors; they have to consider public access defibrillation93–95

or first responder AED programs. The latter could be
organized with the fire department, police, transporting
ambulances, or volunteers. Depending on local or
national standards or within the regulations by law EMS
providers are responsible for the medical education of
first responder units, their connection to the professional
EMS, and debriefing and quality improvement programs.
Medical direction of the EMS systems, therefore, should
be an integrated part of quality assurance.96 The logistic
problem that occurs if first responders did not arrive
before the professional EMS-teams at the scene must be
overcome by intelligent deployment of all resources
including BLS-, ALS- and first responder units.
Geographic Information Systems and the Global
Positioning System are modern tools for solving these
multivariate problems of deployment.34,85 Mobile EMS-
units, on the other hand, should be controlled by a
computer-based dispatch technology, including calling
line identity, GPS-aided automatic vehicle location,
digital mapping, predictive analysis, real-time system
status management, and digital data transmission.

In introducing public access defibrillation programs to
their communities,95 EMS providers should manage the
whole process, including positioning of PADs, training of
anticipated lay rescuers, linking PAD initiative to the
professional EMS, and programs of continuous audit.
PAD programs will increase survival from OHCA most
effectively if defibrillators are located where witnessed
cardiac arrest occurs most frequently, but because 80% of
OHCA occur in private or residential settings, PAD
programs have only limited impact on survival rates.
Currently, no studies have documented effectiveness of
home AED deployment. Therefore some studies conclude
that it might be better to establish an increased number
of mobile first responder units than to start a PAD
program.97,98

Fourth link: advanced life support and
postresuscitation care to restore quality of life

Immediately after arrival at the scene, professional
EMS teams will adopt and continue BLS-skills from lay- or
volunteer-rescuers and continue cardiopulmonary resusci-
tation by starting ALS measures. Basic life support – com-

pression and ventilation with a ratio of 30:2 – is the funda-
mental measure for successful CPR, because nutritive blood
flow to the heart and brain depends crucially on effective
heart massage.33 The most effective performance of
compression and ventilation, however, is only achieved with
periodic drill and training, which cannot be expected from
lay rescuers. Professional rescuers therefore take over BLS
skill immediately, and reduce hand-off time to a minimum
during CPR. EMS providers have to decide whether to
implement mechanical devices to increase myocardial
blood flow during CPR such as “active compression–
decompression CPR” in combination with “impedance
threshold device” (ACD�ITD),99 load-distributing band
CPR (AutoPulse™100,101) or mechanical piston device/Lund
University Cardiac Arrest System (LUCAS102).88,103

The new guidelines for adult advanced cardiac life
support were published in 2005 in the journals Circulation
and Resuscitation.88,103 These guidelines were developed by
clinical experts around the world who followed precisely
defined procedures for searching and evaluating medical
evidence. The recommendations were grouped as follows:
(1) causes and prevention, (2) airway and ventilation,
(3) drugs and fluids given during cardiac arrest, (4) tech-
niques and devices to monitor and assist the circulation, (5)
periarrest arrhythmias, (6) cardiac arrest in special circum-
stances, (7) postresuscitation care, and (8) prognostication.

The advanced life support skills discussed and recom-
mended in previous chapters are listed as follows.
1. Defibrillation
2. Endotracheal intubation and confirmation of tube

placement
3. Monitoring of CPR efficiency by end-tidal CO2

4. Intravenous access and alternatives (intraosseous
route, via tracheal tube)

5. Application of drugs (adrenaline, vasopressin, amio-
darone, atropine, thrombolytics and others see below)

6. Electrical stimulation of the heart (pacemaker)
7. Treatment of periarrest arrhythmias (vagal man-

euvers, magnesium, ß-blockers, diltiazem, amiodarone,
propafenone, digoxin, clonidine, sotalol, isoproterenol,
atropine, dopamine, adrenaline, ventricular pacing,
electrical therapy, defibrillation)

8. Search for and treat possible contributing factors
• Hypovolemia → adequate volume replacement
• Hypoxia → reoxygenation, tracheal

intubation
• Hydrogen ion → buffers

(acidosis)
• Hypokalemia → potassium
• Hyperkalemia → Ca and buffers, glucose, and

insulin
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• Hypoglycemia → glucose
• Hypothermia → appropriate rewarming
• Toxins → specific antidotes
• Tamponade, → drainage of pericardium

cardiac
• Tension → thoracic drainage

pneumothorax
• Thrombosis → thrombolytics 

(coronary or (after 12-lead ECG)
pulmonary)

• Trauma → diagnosis, sedation, analgesia,
intubation, infusion therapy
(colloids, crystalloids), immo-
bilization, transportation –
advanced trauma life support
(ATLS)

9. Induction of therapeutic hypothermia after ROSC in
comatose patients

10. Cardiac arrest in special circumstances (hypothermia,
drowning, electrocution, pregnancy, asthma)

11. Documentation of findings, diagnosis and CPR mea-
sures according to the “Utstein Style”

All these recommended ALS skills must be performed
during resuscitation from out-of-hospital cardiac arrest
under enormous pressure of time. To increase and opti-
mize survival after OHCA, EMS providers and their
BLS/ALS teams should follow the recently published CPR
guidelines in detail. From the medical point of view, it
cannot be accepted to withhold from a patient BLS, defib-
rillation, or ALS measures if sudden cardiac arrest
occurred outside the hospital. Best results can only be
achieved if the chain of survival is implemented in all
links. Because CPR is a complex and demanding medical
treatment, which requires detailed knowledge about the
pathophysiology and pharmacology of sudden cardiac
arrest and the underlying diseases, it is common sense
that CPR has to be performed by the best trained ALS-
teams. In hospitals around the world Medical Emergency
Teams and Cardiac Arrest Teams have been established or
are under consideration in order to avoid or to treat
cardiac arrest. These teams consist of physicians and
nurses with critical care training. In many European
countries, this concept was rolled out years ago to the pre-
clinical situation and the emergency physician on scene
is an integrated participant in those high quality EMS
systems. Therefore, many European citizens today expect
to have a specialized emergency physician performing
the whole ALS-treatments outside the hospitals
(www.eed-project.de)37,43,104–109 Recently published clini-
cal studies comparing and benchmarking resuscitation
success after OHCA clearly established that survival rates

of greater than 7 patients discharged alive per 100 000
inhabitants annually were found only in EMS-systems
with emergency physicians operating in the field.7,43 It
was demonstrated that compared to a paramedic EMS
system, the preclinical treatment by an emergency physi-
cian increased vital scores and the probability of survival
after CPR.43

Conclusions

EMS system design has to address these medical needs and
the public expectation on the provision of best medical
response to life-threatening emergencies. Each component
of the EMS process depicted in the “EMS Patient Jour-
ney Template” (Fig. 43.2) developed by the European
Emergency Data Project has to be carefully designed
according to its crucial role within the chain of survival
described above.9,110 The advances in communication and
information technologies (including GPS and GIS) have
opened up new opportunities to minimize call to scene
time systematically, while simultaneously maximizing the
effective use of the available resources, both clinical and
fiscal. Nonetheless, there is an urgent need to harmonize
and standardize the emergency dispatch process. Utstein-
like standards of reporting the EMS dispatch process and
guidelines for rapid assessments and decision-making in
the dispatch center could lead the way for further improve-
ments.

Throughout the world, it would be reasonable to suggest
that all citizens should have access to organized EMS with
basic life support (BLS) provided to their community as a
minimum standard. BLS, as defined by the European
Resuscitation Council in 2005, is the ability to deliver car-
diopulmonary resuscitation (CPR) and to provide a defibril-
lator to treat ventricular fibrillation in cardiac emergencies.
BLS needs to be supported by the knowledge and the ability
of first responders to carry out Emergency Life Support
(ELS) on the citizens of the community to bridge the time
gap until a BLS provider arrives on scene. The ideal standard
for any EMS system is to aim towards the capability of pro-
viding early advanced life support (ALS) and advanced
trauma life support. The first hour Quintet conditions – as
defined by the European Resuscitation Council – require
early delivery of full ALS skills.
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Introduction

In-hospital resuscitation practices have changed very little
despite significant advances in resuscitation science.
Unlike pre-hospital providers, hospital personnel have
been slow to focus on resuscitation practices and even
slower to adopt evolving science and technology to
improve outcomes. Consequently, there has been no
improvement in survival over time for hospitalized
patients suffering a cardiorespiratory arrest, where overall
survival remains approximately 18%.1

Hospitalized patients have different comorbidities from
persons who arrest outside of the hospital. In a large series
of cardiorespiratory arrests occurring in hospitalized
patients in the United States, many arrest patients had
electrocardiographic or oximetry monitoring, an invasive
airway, or were receiving an intravenous vasoactive drug
prior to their arrest, suggesting that this population has
varying degrees of underlying instability.1 Nevertheless, to
stop here and suggest that survival will always be poor
because the patients are “sick” and cannot be expected to
do well leads to a self-fulfilling prophecy. Although the hos-
pitalized patient population may inherently be more
acutely ill, the hospital also has potential resources that far
outweigh those in the pre-hospital setting.

Different strategies may be necessary to improve sur-
vival in the hospital environment. One of the most signifi-
cant changes that must occur is within the hospital culture.
Attention needs to be focused on the science of resuscita-
tion, and on the process of care delivery. The importance of
administrative and organizational support is paramount
to achieving success. Traditionally, hospitals focus only on
the arrest event itself when planning their resuscitation

practices. Little attention is given to prevention or the spe-
cific care the patient receives after return of spontaneous
circulation (ROSC).

There is an emerging concept of a “bow-tie” strategy to
encompass the entire spectrum of hospital-based resusci-
tation practices (Fig. 44.1). In this schematic, the arrest
event represents only a small part of the time and resources
that a hospital needs to commit to the resuscitation
program. It illustrates that there is a substantial period of
time prior to the majority of arrests when easily identifiable
physiological triggers can be identified and intervention
implemented to decrease the likelihood of cardiorespira-
tory arrest. This shifts the hospital response from a “reac-
tive” one that merely responds to patients once they have
had an arrest, to a “pro-active” one where prevention of the
arrest is the primary goal. There is no better way to improve
survival from cardiorespiratory arrest than to prevent it
from occurring in the first place. For those patients who do
suffer an arrest, the schematic also demonstrates that the
resuscitation process does not end with ROSC, but sug-
gests that targeted care of the recently resuscitated patient
is needed.

The purpose of this chapter is to present a comprehen-
sive strategy, beginning with early intervention and preven-
tion, and ending with targeted postresuscitation therapies.

Prearrest rapid response systems

In-hospital cardiac arrests,2–7 intensive care unit (ICU)
admissions,8–10 and unexpected deaths11 are often pre-
ceded by warning signs for clinically significant periods
of time prior to the event. Evidence of deterioration is
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typically present for up to 6–8 hours, but in some studies
up to 72 hours prior to the event. Nearly 80% of patients
suffering an in-hospital cardiac arrest have a heart rate,
respiratory rate, or oxygen saturation out of the normal
range within the 8 hours prior to the event. This suggests
that many of these events are predictable and therefore
potentially preventable.

A better understanding of the organizational factors that
provide the conditions in which adverse events occur is
required. The identification of both active errors (errors of
omission and commission) and latent errors caused by
inadequate systems has led to an appreciation that serious
events are commonly preceded by multiple failures within
the hospital system.12–17 Examples of such failures include
evidence that the majority of potentially avoidable arrests
or unplanned ICU admissions had a delay in diagnosis or
errors in diagnosis, and most patients had inadequate
treatment prior to their event.13 There is evidence that
junior physicians are insufficiently trained or experienced
to respond appropriately to patients with critical illness,
but are commonly the only doctors who review patients
with potentially preventable arrests in the hours prior to
their event. Some cardiac arrests classified as potentially
preventable occur in patients nursed in an area inappro-
priate for their primary illness, even though it is known that
mortality is higher where patients are admitted to an inap-
propriate level of care for their illness.13 Once a cardiac
arrest has occurred, most patients will still die despite the
intensive level of care and resources provided after the
event, with approximately 18% surviving to discharge.
Compare this to a 60% survival in non-arrest patients
admitted urgently to the ICU from the floor. Outcomes are
clearly better when the arrest is prevented and aggressive
care occurs early.

These findings have directed attention towards preven-
tion of these serious events by using a systems approach.
Critical care medicine has been using systems to improve
patient care for decades, with trauma systems now well
developed in most health services, and the chain of
survival for out-of-hospital cardiac arrests providing a
system-type response similar to those now advocated for
in-hospital critical events.

The most effective approach to identifying and respond-
ing to in-hospital clinical deterioration is the Medical
Emergency Team (MET).18–20 This is a team-based system
response to patients identified as being at risk of clinical
deterioration. The MET system is designed to recognize
and respond rapidly and appropriately to any patient
within the hospital displaying signs of instability. The MET
system comprises the Medical Emergency Team itself,
ongoing education and awareness campaigns, and moni-
toring and feedback processes.21,22 The ICU or Emergency
Department of the hospital generally provide the Medical
Emergency Team members. The team is composed of at
least two people, a physician and a nurse with advanced
diagnosis and resuscitation skills. The team may be called
by any member of the clinical staff to any of the units in the
hospital to obtain immediate assistance in caring for an
unstable patient. The team is available at all times, and is
activated by calling an emergency number. The response is
immediate. The team will attend a call with equipment
required for advanced resuscitation, including drugs,
fluids, intravenous access, intubation and ventilation
equipment, and a cardiac monitor and defibrillator. The
aim is to be able to evaluate and treat the patient immedi-
ately, with the goal of preventing cardiac or respiratory
arrest or transfer to the ICU.

The MET calling criteria are specified clearly and based
on abnormal clinical observations in addition to a subjec-
tive “seriously worried” criterion. These criteria are used as
a screening tool, to help clinical staff recognize and
respond to patients at risk of acute decompensation.
“Calling criteria” posters are typically displayed through-
out the hospital, and all members of staff are educated on
the specific calling criteria used in their hospital.

The functions of the team include diagnosis, critical
intervention, and resuscitation, as well as decision making.
Decisions include not only the treatment decisions, but
also decisions about the need for transfer to a higher level
of care or even another institution, notification and con-
sultation with the responsible consultant and team, and
institution of “do not attempt resuscitation” (DNAR) orders
where appropriate. Although the MET is capable of a range
of responses, it is often required to perform only relatively
simple interventions, such as the administration of oxygen
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and nasopharyngeal suctioning, obtaining IV access and
administering fluids or basic medications.22,23 The MET
also provides support to clinical staff on the wards, and
may also provide training on the appropriate management
of patients at risk for clinical deterioration.

The MET system has been associated with many benefi-
cial outcomes. These include a 17%–65% reduction in the
rates of cardiac arrest in three single-center “before and
after” studies, although one other smaller before-and-after
study did not show any effect.2,24–26 The MERIT trial is the
only randomized controlled clinical trial evaluating the
effects of MET vs. no-MET within the same hospital.27 This
was a neutral trial; however, the event rate was underpow-
ered to detect a difference between the two groups.
The MET has also been associated with reductions in
unplanned ICU admissions, reductions in morbidity and
mortality postsurgery, reductions in length of ICU admis-
sions and reductions in length of stay, as well as reductions
in total in-hospital mortality.23–25,28 In addition, the MET
may facilitate increased rates of appropriate DNAR docu-
mentation, as well as an improvement in the process and
planning of critical care admissions.22

The effectiveness of the MET not only depends on the
activities of the team, but on the cohesive activities of the
entire system. The MET system includes initial and
ongoing education of physician and nursing staff to raise
awareness, and improve identification, of patients at risk
and to increase appreciation of the urgency of response
required for such patients. This process includes regular
MET education sessions on the ward, department meet-
ings and active support of the system by both administra-
tion and clinicians, calling card ID badges, posters of the
calling criteria, an overhead address system or paging
system for calling the MET, formal MET reviews, and other
informal feedback processes. Hospitals that have imple-
mented the MET usually require a dedicated coordinator
to ensure these activities are organized and occurring con-
tinuously. This coordinator may also be responsible for the
MET databases, the incorporation of the MET outcomes
into the quality system as outcome indicators, and to
provide feedback to all involved in a MET response.

The implementation of the MET requires attention to
cultural and structural factors within the hospital that may
prevent the system from being used effectively. These may
include concerns about the resources required to run the
system and about loss of control over patient care, and
fears of retribution for bypassing the hierarchy or crossing
the boundaries of the hospital organization in calling the
MET, as well as fear of negative comments from the MET
members when a call is attended. Implementation should
take account of the time needed for the necessary change

in culture required for the MET system to become fully
functional, and the ongoing training and support required
for the system’s optimal function.

The success of the MET system also depends on the fre-
quent and complete documentation of clinical observa-
tions and vital signs in all patients admitted to the hospital.
Clearly, if the observations are not measured, the MET will
not be called even though the signs of deterioration are
present. Many studies have provided evidence that obser-
vations are often missing or incomplete, in particular for
the respiratory rate.5,22

When appropriately implemented, MET systems can
decrease the incidence of in-hospital cardiac arrests,
improve survival from arrests, and lower the number of
urgent transfers to the ICU. The development of a MET
system has been identified as a patient safety issue in the
United States by both the Joint Commission for the
Accreditation of Hospitals and the Institute for Healthcare
Improvement, and is endorsed by organizations such as
the American Heart Association and the Society of Critical
Care Medicine.

Cardiac arrest event

Process issues: administrative structure

Despite the most meticulous attention to patient safety
and attempts to prevent catastrophic events in hospitals,
cardiorespiratory arrests will occur. Most hospitals have a
committee or some sort of oversight mechanism responsi-
ble for governing resuscitation practices. With rapidly
accruing new science, new defibrillator technology, and
devices for improving hemodynamics during CPR, hospi-
tals are now faced with potentially needing more frequent
equipment updates. Because most resuscitation programs
have no independent budget, many resuscitation commit-
tees are finding it increasingly more difficult to maintain
the quality of their programs. Political and financial
support is often quite variable. Committees must have the
authority to act on their findings and recommendations.
Resuscitation committees are often caught between
having all of the responsibility and none of the authority to
do what is best for patient care. This culture of “delegation
to the powerless” must change for hospitals to be able to
adopt evolving technologies more readily.

The members of the resuscitation committee can vary
widely among hospitals. It is important to have represen-
tation from groups that are related to the local resuscita-
tion practices. With the advent of the MET system,
hospitals will need to decide if the MET committee will be
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part of the overall resuscitation committee or will be polit-
ically and financially separate. Committees will also need
to expand their focus to assure optimal postresuscitation
management.

Organized response to cardiac arrest

First responder
The most critical period of a cardiac arrest is the first few
minutes after collapse, regardless of whether the arrest
occurs inside or outside of the hospital. Therefore,
improvement in very early treatment (mostly prior to
admission of the rescue team) has the potential to have the
most marked influence on the chance of survival after in-
hospital cardiac arrest. Thus, the single most important
issue is to secure optimal preparedness for a cardiac arrest,
regardless of place within the hospital. This preparedness
involves all health care providers within the hospital and
includes various aspects of training (see below).

The consequences of increased preparedness for a
cardiac arrest within the hospital has recently been high-
lighted. Thus, it has been shown that a program including
widespread education of use of defibrillators with AED-
function all over the hospital was associated with an
improved survival to discharge after in-hospital cardiac
arrest.29 Furthermore, in agreement with findings in out-
of-hospital cardiac arrest,30 it has been suggested that
among patients found in ventricular fibrillation, those
who were defibrillated within 3 minutes after collapse
have a very high survival (maybe as high as 70%), regard-
less of where the arrest took place.31 Thus, the goal for
every hospital should be to defibrillate all patients who
suffer from ventricular fibrillation within 3 minutes after
collapse. This goal can only be achieved by having defib-
rillators on each ward that are easy to handle and there-
fore can be used by a large proportion of health care
providers.

Technical personnel training includes education and
skills development in the recognition of a cardiac arrest,
chest compression and ventilation, the use of simple
devices such as mouth to mask ventilation and the use of
suction devices, how to call for the rescue team, the use of
medication and intubation, and the use of automated
external defibrillators as well as manual defibrillators.

The appointment of a resuscitation training officer has
enhanced the survival rate after in-hospital cardiac
arrest.32 This indicates that organized training of the hos-
pital staff in CPR might improve survival after in-hospital
cardiac arrest. In the UK, all public hospitals are obliged to
have an appointed Resuscitation Training Officer supervis-
ing and organizing CPR-related activities.

In 2003, 60% of hospitals in Sweden had a service
assigned to CPR education and other CPR-related activi-
ties; the corresponding figure for Finland was 75%.33 Data
from Finland indicate that nurses seem to receive more
training than physicians.33 In the United States, physician
training in CPR is not mandatory. Some hospitals in the UK
documented an increase in the survival rate of patients
resuscitated from VF/VT that was linked to improvements
in resuscitation training.

Because rapid defibrillation is of major importance, it
would be helpful to have defibrillation performed by first
responders.34,35 With appropriate training, nurses can use
an automated external defibrillator (AED) appropriately
and can retain the actual skill. Nurses trained in basic life
support can often use AED in a simulated cardiac arrest sit-
uation, even without prior training.36 Nonetheless, when
not under supervision, they are often reluctant to use the
AED and fail to deliver defibrillation prior to arrival of more
advanced care providers.37 There are no specific recom-
mendations for either manual or automated defibrillation
in the hospital. What is important is that the shock gets
delivered by the fastest mechanism in a given environment.

Skills retention
Skills retention has been shown to be limited.38 Thus, rep-
etition courses are required. The optimal interval between
courses are not known, but an interval of 1 year has been
considered to be appropriate. Nonetheless, with respect to
defibrillation, skill retention has been reported to be
good.39

Rescue team
There is no clear definition of how a rescue team should
deal with in-hospital cardiac arrest. The three major
aspects are quantity (number of persons), quality (compe-
tence), and proximity (how soon the rescue team will
appear on scene). Local factors will influence the structure
of the rescue team. In large university hospitals outside the
United States, for example, it is common to have a rescue
team consisting of multiple senior physicians. An anesthe-
siologist, a cardiologist, and an internist may all respond to
resuscitation calls. In large training hospitals in the United
States it is more common to have the resuscitation care
delivered by junior physicians in training. In small hospitals
there may be no resuscitation teams. In these instances,
there is often an anesthesiologist who, in collaboration with
the ward or emergency physician, performs resuscitation.33

In many hospitals one rescue team may cover the whole
hospital, whereas in other hospitals multiple teams may
exist. Whereas there is no one correct way to structure the
emergency response to in-hospital cardiac arrest, the
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program must assure that enough trained and experienced
people respond in a timely fashion.

Before the arrival of the advanced rescue team, there
must be an organized response on the ward where the
event occurs. Policies and procedures should be in place to
ensure a rapid local response with quality CPR and early
defibrillation prior to arrival of the team.

Despite the presence of a dedicated team working under
appropriate protocols, the cardiac arrest response is often
chaotic, loud, and inefficient. While most hospitals focus
on assuring adequate technical skills of the responders,
there is typically little focus on non-technical issues such
as communication and overall team performance. Crisis
Resource Management (CRM) training is used in other
medical settings, such as trauma team response and
subspecialty practices, particularly anesthesia.40–42 CRM
focuses on improving interpersonal skills and team build-
ing to make medical responses more efficient. Instead of a
disorganized response with all team members trying to do
the same thing, there is a clear team leader who directs all
clinical activities. Every responder has a specific job to
perform, knows what that job is, uses checklists to assure
accuracy, repeats and confirms all activities with the team
leader, and effectively communicates with other team
members. Focus on non-technical training of resuscitation
teams may be an important way to improve patient care
and decrease medical errors.

Ethical issues and outcomes reporting

Multiple comorbidities are linked with poor survival,
including cancer,43 septicemia,44,45 renal failure,46,47 and
neurological disease.48,49 The question of whether old age
alone predicts mortality is not clear, with some studies sup-
porting this assumption50,51 and others not doing so.52,53

Several prediction models for poor survival exist; however,
using them on an individual patient to make decisions on
withholding care is not widely practiced, since it is difficult
to predict individual outcome from aggregate data.

Prearrest DNAR practices differ widely among hospitals.
Aggressive resuscitation efforts indicate that CPR is initi-
ated on a high proportion of patients suffering from
cardiac arrest. When this occurs, the risk of starting CPR
on a patient with a very low chance of survival is higher. A
non-aggressive approach assigns DNAR status to more
patients and indicates that CPR is started on a relatively
low proportion of patients suffering from cardiac arrest,
resulting in a greater chance of survival when resuscita-
tion attempts are made. Percent survival of patients suf-
fering from in-hospital cardiac arrest will depend on
whether an aggressive or non-aggressive approach is

used, and can influence reported quality improvement
data as well as research outcomes.

Science

The American Heart Association’s National Registry of
Cardiopulmonary Resuscitation (NRCPR) is an interna-
tional quality improvement database of over 75 000 in-hos-
pital cardiac arrests.1 Persons who experienced an arrest in
the NRCPR dataset are typically male (57%) in their mid to
late 60s. Over one-third of arrest events occur on medical-
cardiac services. Several pre-existing conditions are associ-
ated with cardiac arrest. Myocardial infarction, congestive
heart failure, respiratory insufficiency, diabetes mellitus,
and infection are the most prominent comorbidities.
Cardiac arrhythmia, acute respiratory insufficiency, and
hypotension are the most common precipitating factors.
Nearly half of all arrests occur in the ICU. Only 25% of
in-hospital arrest victims had ventricular fibrillation (VF) as
the initial pulseless rhythm, despite 86% of patients being
either monitored or witnessed at the time of the arrest. This
suggests that a delay in rhythm recognition alone may not
completely explain the infrequent presence of VF. Forty-
four percent of all patients had ROSC, while only 17% sur-
vived to hospital discharge. Survival was higher with VF as
the presenting rhythm (34%) compared to asystole (10%)
and pulseless electrical activity (PEA) (10%). Use of the term
“overall survival” to describe outcome may be misleading.
The 34% survival rate from VF that occurs in only 25% of
arrests is diluted by the 10% survival rate for asystole and
PEA that occurs in 66% of arrests. Future descriptions of
cardiac arrest outcomes should be based on the initial
arrest rhythms, not overall survival from all rhythms com-
bined. Of those patients who died prior to discharge, 63%
were made DNAR after ROSC. The average length of stay
after an arrest is nearly 2 weeks for survivors and less than
2 days for those who die in the hospital, suggesting that care
is being withdrawn very early after an event. Of those who
survived to discharge, 86% of patients with a cerebral per-
formance category (CPC) scale of 1 on admission had a CPC
scale of 1 at the time of discharge, suggesting that survivors
have relatively well-preserved neurological function.

Correct performance of chest compressions and ventila-
tions is associated with a significant survival benefit in
both animal and human studies. Abella and colleagues
performed quantitative recordings of actual CPR during
in-hospital cardiac arrest and found that the quality of CPR
was deficient, according to guideline recommendations.54

Chest compression rates and depth were lower than rec-
ommended, ventilation was significantly faster than rec-
ommended, and there were prolonged periods of no chest
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compression activity at all, resulting in long “no-flow”
states. Experience from a single hospital in Sweden indi-
cates that when CPR is started within 1 minute after col-
lapse there is a marked improvement in survival compared
to later initiation of CPR.55 These findings suggest the need
for rescuer feedback and more intensive monitoring of the
quality of CPR during in-hospital resuscitation.

Postresuscitation care

All patients surviving a cardiac arrest ultimately receive the
rest of their care in the hospital. It is the final common
denominator for patients who arrest both in and outside
the hospital setting. Care delivered and decisions made
after ROSC will have a significant impact on outcome. In an
era in which scientific, clinical, and regulatory communi-
ties demand improved long-term outcomes before recom-
mending and adopting changes in practice, optimization
and standardization of postresuscitation care is necessary
to ensure that survival is more likely to reflect the inter-
vention being studied rather than the quality and type of
care delivered after ROSC. The science defining optimal
postresuscitation care is in its infancy, yet is growing
rapidly. Therapies such as therapeutic hypothermia and
tight blood glucose control have been identified as provid-
ing benefit. The challenge faced by hospitals to implement
new diagnostic and therapeutic initiatives in these patients
is multifaceted. Hospitals must have a person who is
responsible for the identification of new science and who is
empowered to implement clinical change. Disseminating
new scientific information to the end-user at individual
hospitals is a formidable task, only to be surpassed by
changing behavior. A survey performed in the United
States by Abella et al. documented that nearly 90% of
physician responders had never induced hypothermia in a
comatose cardiac arrest survivor 18 months after the pub-
lication of two large randomized controlled clinical trials
documenting benefit.56 Literature documenting that
change in practice does not parallel change in knowledge
is abundant. It is often not until algorithms, standardized
protocols, and flow-sheets are developed to help physi-
cians and nurses operationalize the science that extensive
changes in behavior occur. This is especially true of low
volume clinical occurrences such as survival from cardiac
arrest, and where care is often performed by clinicians
unfamiliar with evolving postresuscitation science. In
many teaching hospitals, cardiac arrest events and postre-
suscitation therapies are often delivered primarily by
physicians at various levels of training, without direct or
immediate supervision by a senior physician. Hospitals

must begin to move away from delegating the decisions to
junior inexperienced doctors in training.

Therapeutic hypothermia

The 2005 International Consensus on Cardiopulmonary
Resuscitation and Emergency Cardiovascular Care Science
states that “Unconscious adult patients with spontaneous
circulation after out-of-hospital cardiac arrest should be
cooled to 32 °C–34°C for 12–24 hours when the initial
rhythm was VF. Cooling to 32 °C–34 °C for 12–24 hours may
be considered for unconscious adult patients with sponta-
neous circulation after out-of-hospital cardiac arrest from
any other rhythm or cardiac arrest in the hospital. The sup-
porting science for therapeutic hypothermia in these pop-
ulations is discussed in detail elsewhere in this book. This
section focuses on issues pertinent to program develop-
ment and implementation.

A systematic, comprehensive approach to the delivery of
therapeutic hypothermia to comatose survivors of cardiac
arrest must be implemented to assure optimal support,
development, and utilization. It is imperative to gather
individual “thought leaders” in resuscitation and have rep-
resentation from physicians, nurses, administrators, and
whatever ancillary services will be needed to provide the
therapy. Decisions must be made regarding which units in
the hospital will provide the hypothermia. Optimally, all
units receiving post-non-traumatic arrest patients should
be capable of delivering hypothermia. Decisions to cen-
tralize the location of these patients within an intensive
care area, however, may decrease the resources needed to
initiate and maintain the program. Resuscitation commit-
tees need to be armed with as much information as
possible to educate those less familiar with evolving
postresuscitation practices. Once a hospital-wide decision
has been made to provide therapeutic hypothermia,
appropriate policies and procedures require development.
Inclusion and exclusion criteria can be somewhat subjec-
tive and decisions need to be made as to whether or not the
therapy will be provided to in-hospital patients as well as
those that arrest out of the hospital. Because hypothermia
is a relatively new therapy, hospitals are required to
develop their own criteria for its implementation and
monitoring; however, decisions can be assisted by criteria
used in the randomized clinical trials of hypothermia in
comatose survivors of cardiac arrest.

Two types of educational programs are helpful before
program implementation. Widespread education of all
clinical providers is crucial to more rapid acceptance and
application of the process. All physician and nursing staff,
including doctors in training or house officers who may
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be caring for or covering these patients while in the ICU,
must be educated. More detailed education on the physio-
logical effects and potential complications of therapeutic
hypothermia, as well as instruction on how to deliver the
therapy is required for the specific groups of nurses and
physicians primarily responsible for care delivery. An
understanding of the physiology, and knowing how to
expect a typical patient to behave, is helpful in alleviating
the stress and uncertainty of providing a new therapy.

There are several mechanisms by which therapeutic
hypothermia can be delivered. Cooling can be done exter-
nally or internally. Readily available ice packs, iced saline
and gastric lavage, and conventional cooling blankets
found in most hospitals can be used. Specific equipment is
also available for temperature regulation that uses both
endovascular and external methods. There is no current
recommendation of one type of delivery mechanism over
another. Hospitals should consider personnel require-
ments, ease and accuracy of induction, maintenance and
reversal, and patient accessibility when deciding the tech-
nique by which hypothermia will be provided.

As with all new therapies, there is much to be learned
about the optimal approach to providing care and mini-
mizing complications. There are many specific clinical
details that remain suboptimally understood in patients
treated with therapeutic hypothermia. This should not
deter a hospital from implementing a therapy shown to be
of benefit, but should encourage meticulous observation
and evaluation of these patients to assure that new clinical
information is identified and shared.

Much practical information has been gathered since the
implementation of this therapy. Program coordinators
need to consider several details in order to develop a suc-
cessful program. Attempting to reach the target tempera-
ture within the shortest amount of time possible is a
common goal. Decrease in temperature may be slowed by
the presence of overhead lights shining down on the
patient, heated air in the ventilator, an elevated ambient
room temperature, and by several pieces of electronic
equipment in the room each giving off heat. Temperature
should be monitored frequently and overshoot of the
target temperature should be avoided, since temperatures
less than 30°C may cause complications. Local protocols
should be developed with specific sets of routine labora-
tory tests to evaluate for possible complications, such as
renal insufficiency, infection, coagulopathy, or pancreati-
tis. Neurological examination should be documented
before the initiation of hypothermia. Modified Rankin and
CPC data are needed to document the patient’s baseline.
The Glasgow Coma Scale and brainstem reflexes should be
documented before, during, and after therapy.

Many patients treated with hypothermia are therapeuti-
cally paralyzed to decrease shivering and may remain
paralyzed throughout the duration of the hypothermia. It
is impossible to detect focal or generalized seizure activity
in these patients since they cannot move. Since seizure
activity is common in postarrest patients who have suf-
fered a global ischemic insult, there is an increasing
concern that seizures may be undetected until paralytic
agents are discontinued. This has prompted some centers
to perform routine electroencephalographic monitoring
during the hypothermia or only to use paralytic agents
until the target temperature is reached.

Metabolic management

Tight control of blood glucose with insulin lowers hospital
mortality in critically ill adults. Although this has not been
studied specifically in the cardiac arrest population, there
is a strong association between postarrest hyperglycemia
and poor neurological outcome. The optimal blood
glucose level in these patients has not been determined,
but frequent monitoring of glucose, treatment with
insulin, and avoidance of hypoglycemia should be part of
a comprehensive postresuscitation protocol.

Postresuscitation decision making

The decision to stop resuscitation efforts or to withdraw
care after ROSC from cardiac arrest is one that is often made
very early after the event and is commonly based more on
emotion than on physiology. Data from the NRCPR show
that 63% of patients who initially survive an in-hospital
cardiac arrest are declared DNAR.1 With an average hospi-
tal length of stay for those who die of 2 days, this documents
that the decision to withdraw care is frequently being made
very early. Good clinical indicators exist for predicting poor
outcome in patients who remain in persistent coma after
arrest. They include a lack of papillary reflex at day 3, exten-
sor posturing or worse at day 3, absence of certain-wave in
cortical evoked response within 72 hours to 1 week, and the
occurrence of status myoclonic seizures (not to be con-
fused with simple myoclonus). The neurological literature
supports waiting for a 3-day period to be able more accu-
rately predict neurological outcome on postarrest patients
who are not treated with therapeutic hypothermia. Making
decisions to withdraw or not provide care prior to this time
may be premature. The optimal timeframe for decision
making on DNAR status in patients treated with hypother-
mia is unknown. It remains unclear how quickly the brain is
expected to gain near maximal benefit from the hypother-
mia, and when is it reasonable to assume that no significant
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improvement will occur. Although no recommendations
are available based on data, it may be reasonable to wait an
additional few days beyond the 3-day recommendation
when evaluating neurological status in comatose patients
treated with mild hypothermia.

The aggressiveness with which an individual hospital
withdraws care and withholds future resuscitation
attempts has significant bearing on individual and aggre-
gate survival data and can have a tremendous impact on
clinical trial data, where survival to discharge after cardiac
arrest is an end point.

Summary

The hospital provides a unique setting for pre-, intra-, and
postresuscitation care. The burden of prevention and
optimal postresuscitation management, in addition to
acute resuscitation, poses unique opportunities not recog-
nized in the past. With a focus on patient safety and imple-
mentation of medical emergency teams/rapid response
systems, prevention of cardiopulmonary arrest and
improved outcomes is a reality. For patients who ultimately
suffer an arrest, opportunities for improved care delivery
come from crisis management training, skilled responders,
and optimal performance of both CPR and advanced care
delivery. The sequence of events that begins with the
ischemic insult from the arrest and the global reperfusion
that accompanies return of circulation create a cascade of
metabolic activity that can be treated with such therapies
as therapeutic mild hypothermia. Hospitals must develop
programs that focus specifically on postresuscitation care,
and more effort is needed to remain abreast of this rapidly
evolving area, so that new advances can be rapidly incor-
porated into clinical practice. The in-hospital chain of sur-
vival needs to be expanded by an additional two links from
both a systems and clinical perspective. The first link
begins with rapid response systems that prevent clinical
deterioration in a significant number of patients, followed
by the traditional links of early access in summoning the
appropriate clinical team and equipment, early and good
quality CPR, early defibrillation by whatever mechanism
gets the shock delivered as quickly as possible within indi-
vidual hospital settings, early advanced life support deliv-
ered in a consistent manner by healthcare providers
experienced in resuscitation practices, and ending with
the final link of optimal postresuscitation care. The clasp
that holds this enhanced in-hospital chain of survival
together is a comprehensive quality review program that
includes mechanisms for the rapid adoption of new
science as well as appropriate process and outcomes

review. Perhaps this broader focus will be the key to
improving survival for in-hospital cardiac arrest.

REFERENCES

1. Peberdy, M.A., Kaye, W., Ornato, J.P. et al. Cardiopulmonary

resuscitation of adults in the hospital: a report of 14720 cardiac

arrests from the National Registry of Cardiopulmonary

Resuscitation. Resuscitation 2003; 58(3): 297–308.

2. Buist, M.D., Moore, G.E., Bernard, S.A., Waxman, B.P.,

Anderson, J.N., & Nguyen, T.V. Effects of a medical emergency

team on reduction of incidence of and mortality from unex-

pected cardiac arrests in hospital: preliminary study. Br. Med. J.

2002; 324(7334): 387–90.

3. Fieselmann, J.F., Hendryx, M.S., Helms, C.M. & Wakefield, D.S.

Respiratory rate predicts cardiopulmonary arrest for internal

medicine inpatients. J. Gen. Intern. Med. 1993; 8(7): 354–360.

4. Franklin, C. & Mathew, J. Developing strategies to prevent

inhospital cardiac arrest: analyzing responses of physicians

and nurses in the hours before the event. Crit. Care Med. 1994;

22(2): 244–247.

5. Hodgetts, T.J., Kenward, G., Vlachonikolis, I.G., Payne, S. &

Castle, N. The identification of risk factors for cardiac arrest

and formulation of activation criteria to alert a medical emer-

gency team. Resuscitation 2002; 54(2): 125–131.

6. Schein, R.M., Hazday, N., Pena, M., Ruben, B.H. & Sprung, C.L.

Clinical antecedents to in-hospital cardiopulmonary arrest.

Chest 1990; 98(6): 1388–1392.

7. Smith, A.F. & Wood, J. Can some in-hospital cardio-respiratory

arrests be prevented? A prospective survey. Resuscitation 1998;

37(3): 133–137.

8. Garrard, C. & Young, D. Suboptimal care of patients before

admission to intensive care is caused by a failure to appreciate

or apply the ABCs of life support. Br. Med. J. 1998; 316(7148):

1841–1842.

9. Goldhill, D.R., White, S.A. & Sumner, A. Physiological values

and procedures in the 24 h before ICU admission from the

ward. Anaesthesia 1999; 54(6): 529–534.

10. McQuillan, P., Pilkington, S., Allan, A. et al. Confidential

inquiry into quality of care before admission to intensive care.

Br. Med. J. 1998; 316(7148): 1853–1858.

11. Hillman, K.M., Bristow, P.J., Chey, T. et al. Antecedents to hos-

pital deaths. Intern. Med. J. 2001; 31(6): 343–348.

12. Chassin, M.R. & Galvin, R.W. The urgent need to improve health

care quality. Institute of Medicine National Roundtable on

Health Care Quality. J. Am. Med. Assoc. 1998; 280(11): 1000–1005.

13. Hodgetts, T., Kenward, G., Vlackonikolis, I. et al. Incidence,

location and reasons for avoidable in-hospital cardiac arrest in

a district general hospital. Resuscitation 2002; 54(2): 115.

14. Koeck, C. Time for organisational development in healthcare

organisations. Improving quality for patients means changing

the organisation. Br. Med. J. 1998; 317(7168): 1267–1268.

15. Leape, L.L. Error in medicine. J. Am. Med. Assoc. 1994; 272(23):

1851–1857.

In-hospital resuscitation 789



16. McNeil, B.J. Shattuck Lecture – hidden barriers to improve-

ment in the quality of care. N. Engl. J. Med. 2001; 345(22):

1612–1620.

17. Vincent, C., Neale, G. & Woloshynowych, M. Adverse events in

British hospitals: preliminary retrospective record review. Br.

Med. J. 2001; 322(7285): 517–519.

18. Cretikos, M. & Hillman, K. The medical emergency team: does

it really make a difference? Intern. Med. J. 2003; 33(11): 511–514.

19. Daly, F.F., Sidney, K.L. & Fatovich, D.M. The Medical Emergency

Team (MET): a model for the district general hospital. Aust. N

Z J. Med. 1998; 28(6): 795–798.

20. Lee, A., Bishop, G., Hillman, K.M. & Daffurn, K. The Medical

Emergency Team. Anaesth. Intens. Care 1995; 23(2): 183–186.

21. Hillman, K., Parr, M., Flabouris, A., Bishop, G. & Stewart, A.

Redefining in-hospital resuscitation: the concept of the

medical emergency team. Resuscitation 2001; 48(2): 105–110.

22. Parr, M.J., Hadfield, J.H., Flabouris, A., Bishop, G. & Hillman, K.

The Medical Emergency Team: 12 month analysis of reasons

for activation, immediate outcome and not-for-resuscitation

orders. Resuscitation 2001; 50(1): 39–44.

23. Bellomo, R., Goldsmith, D., Uchino, S. et al. Prospective con-

trolled trial of effect of medical emergency team on postoper-

ative morbidity and mortality rates. Crit. Care Med. 2004; 32(4):

916–921.

24. Bellomo, R., Goldsmith, D., Uchino, S. et al. A prospective

before-and-after trial of a medical emergency team. Med. J.

Aust. 2003; 179(6): 283–287.

25. Bristow, P.J., Hillman, K.M., Chey, T. et al. Rates of in-hospital

arrests, deaths and intensive care admissions: the effect of a

medical emergency team. Med. J. Aust. 2000; 173(5): 236–240.

26. DeVita, M.A., Braithwaite, R.S., Mahidhara, R., Stuart, S.,

Foraida, M. & Simmons, R.L. Use of medical emergency team

responses to reduce hospital cardiopulmonary arrests. Qual.

Saf. Health Care 2004; 13(4): 251–254.

27. Hillman, K., Chen, J., Cretikos, M. et al. Introduction of the

medical emergency team (MET) system: a cluster-randomised

controlled trial. Lancet 2005; 365(9477): 2091–2097.

28. Salamonson, Y., Kariyawasam, A., van Heere, B. & O’Connor, C.

The evolutionary process of Medical Emergency Team (MET)

implementation: reduction in unanticipated ICU transfers.

Resuscitation 2001; 49(2): 135–141.

29. Zafari, A.M., Zarter, S.K., Heggen, V. et al. A program encour-

aging early defibrillation resulsts in improved in-hospital

resuscitation efficacy. J. Am. Coll. Cardiol. 2004; 44(4):

846–852.

30. Valenzuela, T.D., Roe, D.J., Nichol, G., Clark, L.L., Spaite, D.W. &

Hardman, R.G. Outcomes of rapid defibrillation by security

officers after cardiac arrest in casinos. N. Engl. J. Med. 2000;

343(17): 1206–1209.

31. Herlitz, J., Aune, S., Bång, A. et al. Very high survival among

patients defibrillated at an early stage after in-hospital ven-

tricular fibrillation on wards with and without monitoring

facilities. Resuscitation 2005; 66: 159–166.

32. McGowan, J., Graham, C.A. & Gordon, M.W. Appointment of

a Resuscitation Training Officer is associated with improved

survival from in-hospital ventricular fibrillation/ventricular

tachycardia cardiac arrest. Resuscitation 1999; 41(2):

169–173.

33. Skrifvars, M.B., Rosenberg, P.H., Finne, P. et al. Evaluation of

the in-hospital Utstein template in cardiopulmonary resusci-

tation in secondary hospitals. Resuscitation 2003; 56(3):

275–282.

34. Cummins, R.O., Sanders, A., Mancini, E. & Hazinski, M.F. In-

hospital resuscitation: executive summary. Ann. Emerg. Med.

1997; 29(5): 647–649.

35. Parr, M. In-hospital resuscitation: review and revise.

Resuscitation 2001; 50(1): 13–14.

36. Domanovits, H., Meron, G., Sterz, F. et al. Successful auto-

matic external defibrillator operation by people trained only in

basic life support in a simulated cardiac arrest situation.

Resuscitation 1998; 39(1–2): 47–50.

37. Coady, E.M. A strategy for nurse defibrillation in general wards.

Resuscitation 1999; 42(3): 183–186.

38. Chamberlain, D., Smith, A., Wollard, M. et al. Trials of teaching

methods in basic life support (3): Comparison of simulated

CPR performance after first training and at 6 months, with a

note on the value of re-training. Resuscitation 2002; 53:

179–187.

39. Warwick, J.P., Mackie, K. & Spencer, I. Towards early defibrilla-

tion – a nurse training programme in the use of automated

external defibrillators. Resuscitation 1995; 30: 231–235.

40. Blum, R.H., Raemer, D.B., Carroll, J.S., Sunder, N., Felstein,

D.M. & Cooper, J.B. Crisis resource management training for

an anaesthesia faculty: a new approach to continuing educa-

tion. Med. Educ. 2004; 38(1): 45–55.

41. Flanagan, B., Nestel, D. & Joseph, M. Making patient safety the

focus: crisis resource management in the undergraduate cur-

riculum. Med. Educ. 2004; 38(1): 56–66.

42. Rall, M. & Dieckmann, P. Safety culture and crisis resource

management in airway management: general principles to

enhance patient safety in critical airway situations. Best Pract.

Res. Clin. Anaesthesiol. 2005; 19(4): 539–557.

43. Taffet, G.E., Teasdale, T.A. & Luchi, R.J. In-hospital cardiopul-

monary resuscitation. J. Am. Med. Assoc. 1988; 260(14):

2069–2072.

44. Ballew, K.A., Philbrick, J.T., Caven, D.E. & Schorling, J.B.

Predictors of survival following in-hospital cardiopulmonary

resuscitation. A moving target. Arch. Intern. Med. 1994;

154(21): 2426–2432.

45. Schultz, S.C., Cullinane, D.C., Pasquale, M.D., Magnant, C. &

Evans, S.R. Predicting in-hospital mortality during cardiopul-

monary resuscitation. Resuscitation 1996; 33(1): 13–17.

46. de Vos, R., Koster, R.W., de Haan, R.J., Oosting, H., van der

Wouw, P.A. & Lampe-Schoenmaeckers, A.J. In-hospital car-

diopulmonary resuscitation: prearrest morbidity and outcome.

Arch. Intern. Med. 1999; 159(8): 845–850.

47. George, A.L., Jr., Folk, B.P., 3rd, Crecelius, P.L. & Campbell, W.B.

Pre-arrest morbidity and other correlates of survival after in-

hospital cardiopulmonary arrest. Am. J. Med. 1989; 87(1):

28–34.

790 M.A. Peberdy et al.



48. Bedell, S.E., Delbanco, T.L., Cook, E.F. & Epstein, F.H. Survival

after cardiopulmonary resuscitation in the hospital. N. Engl. J.

Med. 1983; 309(10): 569–576.

49. O’Keeffe, S. & Ebell, M.H. Prediction of failure to survive follow-

ing in-hospital cardiopulmonary resuscitation: comparison of

two predictive instruments. Resuscitation 1994; 28(1): 21–25.

50. de Vos, R., Koster, R.W. & de Haan, R.J. Impact of survival prob-

ability, life expectancy, quality of life and patient preferences

on do-not-attempt-resuscitation orders in a hospital.

Resuscitation Committee. Resuscitation 1998; 39(1–2): 15–21.

51. Weerasinghe, D.P., MacIntyre, C.R. & Rubin, G.L. The epidemi-

ology of cardiac arrests in a Sydney hospital. Resuscitation

2002; 53(1): 53–62.

52. Berger, R. & Kelley, M. Survival after in-hospital cardiopul-

monary arrest of noncritically ill patients. A prospective study.

Chest 1994; 106(3): 872–879.

53. Ravakhah, K., Khalafi, K., Bathory, T. & Wang, H.C. Advanced

cardiac life support events in a community hospital and their

outcome: evaluation of actual arrests. Resuscitation 1998;

36(2): 95–99.

54. Abella, B.S., Alvarado, J.P., Myklebust, H. et al. Quality of car-

diopulmonary resuscitation during in-hospital cardiac arrest.

J. Am. Med. Assoc. 2005; 293(3): 305–310.

55. Herlitz, J., Bang, A., Alsen, B. & Aune, S. Characteristics and

outcome among patients suffering from in hospital cardiac

arrest in relation to the interval between collapse and start of

CPR. Resuscitation 2002; 53(1): 21–27.

56. Abella, B.S., Rhee, J.W., Huang, K.N., Vanden Hoek, T.L. &

Becker, L.B. Induced hypothermia is underused after resusci-

tation from cardiac arrest: a current practice survey.

Resuscitation 2005; 64(2): 181–186.

In-hospital resuscitation 791



Introduction

Cardiopulmonary resuscitation is an invasive medical
treatment. Its measures can cause more or less severe com-
plications, which often remain unrevealed unless autopsy
is performed.

Performing sufficient chest compressions needs regular
thumps with force up to 392 N (40 kp). The human thorax,
the ribs, and especially the sternum are not built for such
force and will frequently suffer iatrogenic injuries. If the
patient’s biological age is unknown, the occurrence of
some of these injuries cannot be avoided. In the last
decades, a number of chest compression devices have
been developed to increase cardiac output and to replace
the rescuer’s hands and his/her manpower. Although some
of these devices are already commercially available, there
is a general lack of information on their adverse effects in
comparison to manual chest compression.

Defibrillation constitutes one of the most invasive resus-
citative measures. Complications of defibrillation may
affect the patient, the rescuers, and the immediate envir-
onment. Although systematic investigations have rarely
been conducted, the available evidence will be discussed
in the corresponding paragraph.

Time is critical in CPR, and medical personnel as well as
lay rescuers generally work under emotional pressure.
Moreover, CPR is frequently performed under challenging
conditions, such as at night, in uncomfortable weather
conditions, environmental dangers, inadequate man-
power, noise, in a confined space, and other adverse
circumstances, which in particular, are found in the pre-
hospital setting. Therefore, it is understandable that, for
example, endotracheal intubation has to be performed

under conditions that are considerably worse than in the
OR and therefore cause harm more frequently. Meticulous
autopsy can find macro- and micro-lesions caused by intu-
bation maneuvers.

This chapter will provide detailed information on
typical complications of chest compression (including
use of new CPR devices), defibrillation, and airway
management.

Complications of chest compressions

Chest compression is a blunt thoracic trauma with defined
localization and force. It is reasonable to assume that these
complications can be reduced by proper hand position and
technique. The following complications are described in
the literature, but are too numerous to all be discussed in
this chapter: rib and sternal fractures, fractures of clavicles,
scapulae, and vertebral column, flail chest, skin trauma,
subcutaneous emphysema, pulmonary edema, pulmonary
hematoma, pneumothorax, hemothorax, embolization,
lung laceration, pneumomediastinum, mediastinitis,
cardiac contusion/rupture, pericarditis, liver laceration,
and bowel injury.

Precordial thump

A solitary precordial thump is sometimes used in the
pulseless victim.1 The potential to convert the patient from
ventricular tachycardia to fibrillation, however, has led
most authorities to consider one immediate precordial
thump manoever after a monitored cardiac arrest if an
electrical defibrillator is not immediately available.
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Transient complete atrioventricular block,2 pleomor-
phic ventricular tachycardia,3 induction of re-entrant ven-
tricular tachycardia after supraventricular tachycardia,4

and a faster ventricular tachycardia rate5 are conditions
that have been described during the treatment of ventricu-
lar tachycardia with a chest thump. Thus, monitoring the
patient during the chest thump maneuver is recom-
mended.

Manual chest compression

Skeletal injuries
The incidence reported for rib fractures after conventional
closed-chest compression in the treatment of cardiac
arrest ranges from 13% to 97%; the incidence of sternal
fractures ranges from 1% to 43%.6 In a retrospective review
of forensic records of 499 deaths (343 males, 156 females)
in patients who had received CPR before death, rib frac-
tures were described in 29% and sternal fractures in 14%.7

The best method to detect fractures of the thorax is by
autopsy that prospectively reveals such fractures.
However, only five studies are available that have
employed this method.8–12 These studies report rib frac-
tures in 32% to 60% and sternal fractures in 19% to 43%.

For the very rare situation of CPR with the patient in the
prone position, e.g., in the operating room for a vertebral
operation, no complications or injuries are described in
the literature.13

Other complications
Chest wall bruising is among the most common adverse
effects of CPR – it is reported for up to 59% of all resusci-
tated patients.10 Pulmonary fat emboli can be detected in
almost all cardiopulmonary resuscitated patients when
special attempts are made to detect this complication.14,15

Bone marrow emboli are found in 11% to 27%.8,16–20 The
clinical relevance of these findings is undetermined.

Critical internal organ damage can also result from chest
compressions. Table 45.1 provides an overview of all those
soft-tissue injuries that may worsen outcome and that,
according to research, have an apparent incidence of at
least 1%. Further, tracheal, esophageal, gastric, renal, and
diaphragmatic ruptures, and various internal hemor-
rhages have been described in case reports.

Chest compressions with chest compression devices
All chest compression assist devices, reported in the liter-
ature, have only been studied in adults; moreover, the
complication rates have not been studied in a standardized
manner. Sternal and/or rib fractures are sometimes
reported or excluded by external examination of the
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Table 45.1. Incidence of internal organ damage seen after
CPR.

Incidence 

Complication reported References

Left ventricular hemorrhage 0 to 8% 11, 16, 17

Pneumothorax 1 to 3.0% 9, 15, 45

Hemothorax 1 to 9% 15, 16, 45 

Hepatic laceration/rupture 1 to 4.3% 9, 10, 15

Hemopericarditis 1 to 8% 7, 9, 15, 17, 18

Aortic laceration 0.5 to 1.6% 15, 46

Splenic laceration/rupture 0.3 to 2.6% 9, 15, 16, 28

Modified from ref. 6.

Fig. 45.1. Sternal fragments after ACD-CPR preceded by standard

CPR.



thorax, by X-ray, rarely by autopsy, very rarely by special
autopsy focusing on skeletal injuries, and never by com-
puted tomography or magnetic resonance imaging.

Active compression–decompression (ACD) CPR
Only one randomized ACD-CPR trial included assessment
of skeletal injuries in fatal cases by thorough autopsy.9 This
trial was halted by the local ethics committee because of an
unexpectedly high rate of rib and sternal fractures (13/15,
87%, and 14/15, 93%). Earlier studies had suggested that
ACD-CPR is associated with rib fractures in 4% to 87% and
sternal fractures in 0% to 93%.21–25

Another study that specifically addressed skeletal injuries
after ACD-CPR alone, as well as after standard CPR followed
by ACD-CPR revealed rib fractures in 11/16 and 14/15
patients, respectively, and sternal fractures in 11/16 and
9/15 patients, respectively.26 This study included cases
in which multiple rib and comminuted sternal fractures
(Fig. 45.1) were associated with aortic laceration or atrial or
ventricular rupture. The authors concluded that sternal
fractures with its saw-like fragments might pose a particular
threat to intrathoracic organs. The same authors investi-
gated biomechanical aspects of ACD-CPR complications.27

The shape of the patient’s chest seems to have a consider-
able influence on the way in which forces are transmitted to
the thorax.

Accordingly, to date, the frequency of skeletal chest
injuries after ACD-CPR cannot be specified with certainty.
A Cochrane review from 200228 and a combined analysis29

from eight trials stated that ACD-CPR is as safe as standard
CPR.

LUCAS-CPR
LUCAS, Lund University Cardiopulmonary Assist System,
is a device for standardized, gas-driven automatic chest
compression and decompression up to the physiological
level.30 The first report on 100 consecutive cases of
out-of-hospital cardiac arrest treated with LUCAS failed to
assess the occurrence of traumatic sequelae.31

AutoPulse
Revivant AutoPulse is an automatic, battery-driven, cir-
cumferential chest compression device. A study of
AutoPulse application in 31 in-hospital cardiac arrests did
not disclose adverse effects associated with this device.32 In
an autopsy report of three patients who had been treated
with Revivant AutoPulse, the following complications were
reported: unusual cutaneous abrasions in all three cases,
bilateral confluent paravertebral hemorrhages of the
midthoracic spine in one patient with preceding manual
CPR, abrasions on one breast in a female patient, non-

displaced bilateral parasternal rib fractures, and upper arm
contusions.33 According to the authors of this study, all of
these findings appear to be associated with the CPR device.

Minimal invasive direct cardiac massage (mid-cm)
Only one study exists where the minimal invasive direct
cardiac massage device34 was used in humans;35 in one out
of 25 patients a heart rupture was caused by the device.

Open-chest CPR

Open-chest CPR is a heroic procedure that may improve
vital organ perfusion and the outcome of selected patients.
Because it is invasive, open-chest CPR places both the
patient and the clinician at a significantly greater risk than
does external chest compression.

Injury to the chest wall is inevitable during performance
of this procedure, and should not be considered a compli-
cation. Lacerations of the intercostal or internal mammary
arteries are avoidable and, as such, are complications.
Hemodynamic control of an injured intercostal artery can
be obtained by placing a suture through the next inter-
costal space lateral to the incision and looping it around
the artery and rib. Gaining control of a torn internal
mammary artery is often difficult and requires at least
initial placement of a hemostat.

Because entry into the chest must be made expeditiously
under emergency conditions, pulmonary lacerations are
common. Care must be taken not to enter the chest with
the knife, but to use scissors that are placed superficially to
a protecting finger.

Fracture of the ribs is an avoidable but common compli-
cation of open-chest CPR. In cases of non-traumatic
cardiac arrest, the operator needs an opening large enough
to permit cross-clamping of the aorta and to provide
cardiac compression. In older patients, fractures may
occur despite minimal opening of the rib space. Care must
be taken by the operator not to lacerate the hand or wrist
on a jagged bone fragment.36

Except in patients who have penetrating trauma to the
chest, it is not necessary to incise the pericardium. Some
authorities believe that more effective compressions of the
myocardium can be performed with an intact peri-
cardium, and the myocardium is protected. Properly per-
formed internal cardiac massage has a pattern of injury
similar to that in external cardiac compression.

Blind attempts to place an aortic cross-clamp may result
in injury to the mediastinum. It is not necessary to include
the whole aorta within the clamp to occlude flow to distal
structures significantly. If the aortic cross-clamp is placed
too tightly, aortic injury may occur. If the clamp is left in
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place for too long, abdominal or retroperitoneal structures
may be injured. During spontaneous circulation, cross-
clamps should not be left in place for more than 20 minutes
in normothermic patients. It is not known whether this
also applies to patients in cardiac arrest. The state of emer-
gency of this procedure does not allow adequate time to
disinfect the skin before the incision is made. Despite this,
the incidence of infection among survivors is low.36

Once the chest has been opened, there is significant risk
of exposure to aerosolized blood. This occurs more fre-
quently when there is a pulmonary laceration. All person-
nel should use universal precautions.

Methodology of detecting skeletal injuries

As discussed by Hoke et al., most of the studies reporting on
skeletal injuries after CPR cannot be compared to one
another,6 because of essential differences in inclusion and
exclusion criteria, protocols, methods of data collection and
presentation. Further, evaluation of clinical records, clinical
examination, and chest radiographs must be considered
inadequate for assessing the incidence of chest fractures.
Plain chest radiographs have frequently been used to
assess thoracic fractures, especially in studies of active com-
pression–decompression CPR.23,24,37 Nevertheless, the sen-
sitivity of plain chest radiographs is poor. In a prospective
study comparing postmortem findings of X-ray and forensic
results in 19 patients after attempted cardiopulmonary
resuscitation, no correlation was found between the X-ray
and the autopsy findings and it was shown that postmortem
autopsy is more accurate in detecting rib and sternum frac-
tures as compared to X-ray.38 It is possible that computed
tomography or magnetic resonance imaging can play a
future role in unravelling skeletal injuries and could replace
autopsy in this regard.

Differences in gender, age, and location

In a forensic autopsy records report of 499 records of
patients who had received CPR before death, rib fractures
were found in 29% and sternal fracture in 14%.7 More
females than males sustained rib fractures (37% vs. 26%;
P �0.05). There was no significant gender difference for
sternal fractures. In addition, the incidence of rib fractures
increased with age (P�0.001). While the positive correla-
tion between age and rib fracture incidence is in accord-
ance with another large autopsy study,9 the latter found no
difference in relation to gender.

A study on 27 human corpses showed a significant cor-
relation between sternal fractures and gender (P�0.008)
and between rib fractures and age (P�0.008) after ACD-

CPR was performed on the corpses for 60 seconds.39

Female corpses were found to have a higher risk for sternal
fractures, whereas corpses of older patients had a higher
risk for rib fractures. Maximal compression force (mea-
sured by a built-in force transducer in the ACD device) was
another factor associated with a higher risk for rib and
sternal fractures (P� 0.48). In 20 of the 27 corpses either the
sternum fractured or the ribs fractured parasternally or
medioclavicularly. Sternum fractures do not seem to
protect against rib fractures and vice versa. The sternum
fragments tilted inwards at the time of the fracture, and
only moved inwards thereafter.

Chest injuries in children

According to the literature available, rib fractures occurred
in 0% to 2.1% of all children in whom CPR was
attempted.40–44 In contrast, sternal fractures have never
been reported. All in all, 770 pediatric CPR cases were
included in the five aforementioned studies, only three of
which exhibited skeletal injuries attributable to CPR. In
addition, a few case reports have been published. In a ret-
rospective review of autopsy records for deceased children
under 12 years of age who had been given CPR without his-
torical or physical evidence of preceding trauma, 211 chil-
dren (mean age 19.0 months) met the inclusion criteria.42

The mean duration of CPR was 45 minutes. Fifteen chil-
dren (7%) showed at least one injury as a result of CPR,
including retroperitoneal hemorrhage (n�2), pneumo-
thorax (n�1), pulmonary hemorrhage (n�1), epicardial
hematoma (n�1), and gastric perforation (n�1). Only one
patient was noted to have rib fractures.

Thus, although significant iatrogenic injuries are rare in
children who receive CPR, recognizing the possibility of a
complication may be critical in the management of chil-
dren who survive cardiac arrest. Regardless of resuscitation
history, physical abuse should be considered whenever
traumatic injuries are encountered.

Conclusions

In conclusion, organ injuries after CPR maneuvres must be
seen as serious complications. Rib fractures are common
adverse effects especially in elderly patients. Sternal
fractures are more dangerous than rib fractures as these
may cause direct organ injuries in the thorax; sternal
fractures may occur more frequently in females. Correct
CPR technique is likely to reduce the risk of skeletal
injuries.

New CPR methods with CPR assist devices should be
evaluated for their pressure pattern and compared with
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standard manual chest compressions in regard to skeletal
and organ injuries. Chest X-ray is inadequate as a method
for investigating the incidence of rib or sternal fractures.
Only autopsy with detailed focus on CPR-related injuries
provides adequate evidence.

Complications of external defibrillation

Electric defibrillation and cardioversion are irreplaceable
as first-line interventions to terminate ventricular fibrilla-
tion (VF) and hemodynamically unstable ventricular
tachycardias. They are vigorous procedures, however.
Currents up to 70 amperes at voltages above 1000 volts are
applied to the chest, depending on energy selected, wave-
form technology, and transthoracic impedance. Such elec-
tric shocks would, under different circumstances, be
considered a high-tension electrical accident. There are
dangers for the person being defibrillated as well as for the
person carrying out the procedure and in the immediate
environment. The main issues, including burns, skeletal
muscle damage, myocardial injury, pacemakers and
implantable cardioverter-defibrillators, and hazards for
responders are discussed in the following paragraphs.

Complications for the patient

Burns
Skin burns at the site of electrode attachment to the chest
are frequent adverse effects of defibrillation and probably
the best recognized among health care professionals. Their
severity ranges from transient faint erythema to deep
serious lesions. Affections of the skin are typically more
intense at the edge of the electrode mark, referred to as the
“perimeter effect” (Fig. 45.2). It is not established whether
manual paddles and self-adhesive pads differ with respect
to skin burns. It is known, however, that commercially
available self-adhesive pads vary significantly both in their
own intrinsic impedance and thermal affection of the
skin.47 In cardioversion sequences, higher cumulative
shock energies cause more damage.48 Evidence suggests
that prophylactic use of topical 5 % ibuprofen, but not 0.1%
betamethasone, cream reduces pain and inflammation
after external cardioversion.49

Superficial burns are most probably due to thermal
effects at the electrode-skin interface, although electro-
poration of dermal cells with subsequent local inflamma-
tory reaction may contribute. Basically, heating of the skin
results from conversion of electrical to thermal energy. The
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Fig. 45.2. Current density distribution under a defibrillation electrode modeled by a finite-element

method. This so-called perimeter effect accounts for greater skin affection at the edges of electrodes.
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energy converted to heat is linearly related to the resis-
tance of the electrode-skin interface, which comprises the
electrode surface, the conduction gel, and the skin itself.
Three factors contribute to this resistance and hence influ-
ence heating of the skin: electrode contact, paddle force,
and hairiness.

The importance of complete paddle contact to the chest
is emphasized by both international resuscitation guide-
lines and defibrillator manufacturers. Indeed, when using
hand-held paddles operators should ensure that the
paddles are in full contact with the skin. Use of a sufficient
amount of an approved conductive gel or paste and gel-
pads, respectively, is obligatory. Ultrasound gel or other
clinical lubricants are inappropriate, as their conductivity
is usually too low. During attachment of self-adhesive pads
it must be ensured that no air bubbles are trapped under-
neath the electrode pads. Such disposable pads must be
checked further for their expiration date and for leaks in
the hermetic packaging.

Paddle force is another important determinant of resist-
ance of the paddle-skin interface. In adults, increasing
paddle force decreases transthoracic impedance (TTI)
exponentially. This is largely due to a decrease of the resist-
ance at the paddle-skin interface.50 Although difficult to
control for the operator, an optimal paddle force of 78 N
(8 kg) has been suggested for adult patients on the basis of
a clinical study.51

A hairy chest is another important source of high resis-
tance at the electrode-skin interface. Transthoracic imped-
ance (TTI) is significantly higher in hirsute subjects
compared to non-hirsute subjects, both with manual
defibrillation paddles and self-adhesive electrode pads.52,53

This most probably reflects a higher resistance between
the electrodes and the skin. In one study, shaving of hirsute
patients resulted in a remarkable mean TTI decrease of
35%.52 Interestingly, even shaving of non-hirsute skin is
associated with a significant TTI reduction as well.53 If the
reason was creation of numerous tiny epidermal lesions
functioning as low-impedance pathways, these lesions
would pose a particular risk for further injury to the skin,
because low-impedance pathways are transited by high
currents. Therefore, it has been proposed that – if circum-
stances permit – it may be better to clip hair close to the
chest with scissors.

In summary, skin burns are frequent and seem to be
unavoidable after multiple defibrillations. The major
determinant of heat production is high resistance at the
electrode–skin interface. Following common rules for
defibrillation as well as manufacturer advice will help
to minimize local resistance. No direct evidence exists,
however, that these measures actually reduce the extent or

intensity of defibrillatory skin burns. Postprocedural anti-
inflammatory and analgesic treatment may be necessary.

Skeletal muscle damage
Substantial pectoral muscle necrosis as a result of multiple
defibrillations has been demonstrated pathologically.54,55

Also, elevated serum levels of creatine kinase (CK) are
common findings after CPR both in patients with and
without electrocardiographic evidence of myocardial
infarction. This could reflect skeletal or cardiac cell
damage, or both. Although after CPR, cardiac-specific
enzymes often increase as well, upper-normal CK levels
are seen with and without concurrent elevations of
myocardial cell markers, thus indicating skeletal muscle
damage. Whereas about 90% of cardiac arrest survivors
exhibit serum CK levels�80 U/l, serum CK-MB concentra-
tions�10 U/l have been reported in 78%, and elevations of
troponin T above 0.1 �g/l in 90%.56,57 Concerns about
myocardial injury secondary to defibrillations are dis-
cussed later in this chapter.

Three possible causes may account for muscle damage
demonstrated: (1) mechanical injury as the result of chest
compressions; (2) electroporation or thermal injury caused
by defibrillation; and (3) ischemia and accompanying
metabolic consequences arising from circulatory arrest.
Indeed, increases in serum CK levels correlate positively
with both cumulative defibrillation energy administered
and the duration of chest compressions during the course
of CPR.56–58 The independent contribution of these interde-
pendent factors to CK release, however, is unknown. Several
studies investigated whether electric shocks alone are
capable of producing a significant CK release. In summary,
total creatine kinase levels above the upper normal limit are
seen after approximately 50% of elective direct current
transthoracic cardioversions of arrhythmia, whereas tro-
ponin levels are largely unaffected. Further, similar to the
effect of CPR, the maximum CK rise correlates with the
cumulated energy dose administered during therapeutic
cardioversion.

In conclusion, evidence of damage to skeletal muscles is
common after CPR. Multiple electric countershocks are
likely to play a major causative role for this finding and
chest compressions may contribute. Patients undergoing
prolonged or recurrent resuscitation attempts, including
repeated defibrillations, may even be at risk for complica-
tions of rhabdomyolysis.

Myocardial injury
Defibrillation and cardioversion are achieved by means of
a current flow through the myocardium, which alters the
transmembrane potential. Concerns have been expressed
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that this life-saving current may at the same time cause an
electric injury to the heart. Damage to myocardial cells has
been assessed by microscopic and macroscopic examin-
ation, and determination of serum levels of myocardial
enzymes.

Early histologic studies demonstrated that repetitive
defibrillation with high energy doses can cause myocar-
dial damage. In a dog model of VF, defibrillated with a
damped sine waveform, an energy dose of 30 J/kg (which
corresponded to a peak current of 5.8 A/kg) caused patho-
logically detectable damage in 50% of cases.59 Also in a dog
model of VF, conduction abnormalities were induced by
voltage gradients greater than 64 V/cm for monophasic
and 71 V/cm for biphasic shocks (P�0.005).60 In contrast,
the intracardiac voltage gradients produced by common
commercial monophasic and biphasic defibrillators are
substantially lower; in a recent study they did not exceed
33 V/cm, even with 360 J shock energy at very low imped-
ances of 35�3 �.61 Likewise, the peak current delivered
by common defibrillators is substantially lower than
current levels previously described as being harmful.62

These findings are in accordance with earlier reports that
had established that the ratio of the voltage/current
necessary to cause myocardial damage or dysfunction to
the voltage/current that defibrillates the heart (referred to
as the safety factor) is about 4 to 10 for monophasic and
even greater for biphasic waveforms.59,60,63

Another approach for studying myocardial damage is
determination of serum levels of cardiac troponins I (cTnI)
or T (cTnT). Their release into the bloodstream is specific
for cardiac cell death and, since 2000, constitutes the bio-
chemical basis for the diagnosis of myocardial infarction.
In approximately 90% of all out-of-hospital cardiac arrest
(OOHCA) survivors, cTnT will be elevated.56 This may
reflect: (1) implication of a causal myocardial infarction
(MI); (2) ischemic damage due to lack of perfusion during
cardiac arrest; (3) mechanical injury of the heart as a result
of chest compressions; and (4) electrical injury caused by
defibrillation attempts. When measured after elective car-
dioversion for atrial fibrillation, cTnT levels are not or only
minimally elevated above the detection threshold of 0.01
�g/l, indicating no or only minimal myocardial injury.64 In
cardiac arrests, however, the interrelations are far more
complex. While it has been established that cTnT is ele-
vated in 80% to 85% of all survivors of OOHCA without evi-
dence of acute MI, the extent to which hypoxia, chest
compression, and defibrillation contribute to troponin
release from cardiac cells is largely unknown.

Another approach to estimating the impact of defibrilla-
tion on myocardial integrity is the study of postshock func-
tional parameters, such as arterial pressure, indices of

systolic and diastolic function, or electrocardiographic
indices of ischemia. When delivered during sinus rhythm
or after short periods of VF in animal models, transthoracic
shocks cause only modest and transient myocardial dys-
function and normal function is usually restored within
seconds or a few minutes. Experimental data suggest,
however, that ischemic hearts, as in cardiac arrests, are
more susceptible to detrimental effects of defibrillatory
countershocks. In animal models of resuscitation after
7 min of untreated pediatric VF, certain defibrillation pro-
tocols resulted in systolic dysfunction that lasted longer
than 4 hours and a reduced 24-hour survival with good
neurologic outcome.65,66 In contrast, another animal study
of prolonged pediatric VF did not find impaired postresus-
citation cardiac function or reduced survival with different
defibrillation schemes.67 In a rat model that simulated
cumulative shock energy by delivering one defibrillation
with excess energy, a strict relationship between shock
energy and both cardio-circulatory impairment and sur-
vival time was demonstrated.68

In summary, excessive defibrillation energies can cause
structural damage to and functional impairment of the
heart. In adult resuscitation, however, clinically relevant
defibrillation energies are unlikely to result in myocardial
injury in addition to that caused by the underlying condi-
tion. In infants, transthoracic defibrillation may precipi-
tate cardiac dysfunction under specific circumstances, the
extent and impact of which has yet to be demonstrated.
With respect to adverse effects, biphasic defibrillation
waveforms seem to be safer compared to monophasic
impulses.

Pacemakers (PM) and implantable cardioverter-
defibrillators (ICD)
Nowadays, an increasing number of patients at high-risk
for cardiac arrest are implanted with an ICD or a pace-
maker. The safety concerns with regard to these devices are
twofold. First, myocardial damage may occur at the site of
endocardial insertion of the PM/ICD lead. Second, exter-
nally applied electric countershocks may interfere with
such a device.

Two mechanisms have been suggested that may result in
tissue modifications at the electrode-endocardium inter-
face.69 First, ICD and PM leads are excellent conductors.
Consequently, a considerable proportion of the transtho-
racic current may travel along the lead producing a detri-
mentally high current density when entering the heart at
the electrode-endocardium interface. Second, a process
called capacitive coupling may occur, i.e., the transthoracic
current induces an additional current in the intrathoracic
lead capable of causing micro-cauterizations to the heart.
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Even with the defibrillation paddles attached as far as
possible from the pectoral implantation pocket, transient
loss of PM capture, sensing failure, and lead dislocation
can occur. Postcardioversion ventricular stimulation thres-
holds in patients with a unipolar PM implanted have been
demonstrated to be more than six times the baseline value
– associated with a transient loss of capture in 50% of
patients.69 In this study, duration of capture failure ranged
from 5 s to 30 minutes (mean approx. 1.5 min). Therefore,
immediate external pacing should be attempted in all
those PM carriers who exhibit asystole after defibrillation
or show electrocardiographic evidence of an exit block of
the internal PM.

Finally, the possibility of electromagnetic interference of
defibrillation with implanted devices is generally acknow-
ledged. The spectrum of interference ranges from repro-
gramming and malfunction to total breakdown of the
device. After every resuscitation, a functional check of PMs
and ICDs by a specialist is mandatory. During and after
resuscitation, alterations in the mode of functioning of the
PM and the ICD should be considered in interpretation of
ECG readings. Furthermore, paddles or pads, for external
defibrillation must not be placed on the skin directly over
the device. Concrete recommendations for the distance
between the hard lump beneath the skin (where the device
can be expected) and the external electrodes differ consid-
erably, ranging between�1 inch (� 2.5 cm) and 6 inches
(15 cm).

Hazards for responders

Current advanced life support courses attach great import-
ance to a safe defibrillation procedure.70 In spite of very few
critical incidents reported, the possibility of harm to any of
the rescuers involved is evidently taken very seriously. The
following paragraph discusses the evidence regarding elec-
tric shock to the rescuer and the danger of fire as well as
explosions in conjunction with transdermal medication
patches.

Electric shock to the rescuer
Considering that a defibrillator discharge delivers several
thousand volts to the patient it is not surprising that there
are concerns that deleterious electrical injuries may be
inflicted on responding medical personnel who are in close
contact with the patient or adjacent material while defib-
rillation is carried out. In fact, numerous minor incidents
are documented in the literature. These incidents can be
divided in two groups: (1) intentional shocks to subjects
without therapeutic indication, thus based on careless-
ness, ignorance, or intention to harm; and (2) accidental

shocks as complications of regular medical or mainte-
nance procedures.

Intentional shocks
Reports on intentional shocks in the medical literature
include suicide attempts, confusion with training devices,
a few cases of people who had “fooled around”, and finally,
one case of a child who played with a defibrillator. One
report included a 23-year-old man who self-administered
a 200-J defibrillation to his chest.71 The first postshock ECG
recorded showed polymorphic ventricular tachycardia
which, after defibrillation, degenerated to VF. The patient
eventually died. Two other incidents comprised deliberate
transthoracic defibrillator discharges, neither of which
resulted in arrhythmia or in long-term disability.71

As described, a full-capacity transthoracic discharge
may prove fatal. It has long been known that electric
shocks applied for cardioversion of tachyarrhythmias
can result inVF. A vulnerable phase exists within the cardiac
cycle, during which VF can be induced by external electric
stimuli. Occasionally, appropriately R-wave-triggered
cardioversion shocks also cause VF. Morbid circumstances,
such as a structural heart disease, drug abuse, and
ischemia, facilitate degeneration of arrhythmias into VF.

Defibrillatory countershocks applied to the head have
also been reported. They cause tonic-clonic seizures,
altered vigilance, amnesia, confusion, dissociative symp-
toms, changes in affect, paresthesias, local burns, and
pain. This is in accordance with observations made after
electroconvulsive therapy (ECT), a therapeutic option in
severe psychiatric disorders that deliberately exposes the
patient’s head to electric shocks. But ECT impulses and
defibrillation can only be compared in a limited manner,
because of substantial differences in electrical shock para-
meters. Nevertheless, in the three cases of “cranial defibril-
lation” cited above, no long-term complications have been
noted apart from memory loss for the event itself.
Restriction of accessibility of defibrillators for suicidal
patients, persons who behave irrationally, and, obviously,
children is indicated.

Accidental shocks
Accidental electric shocks to medical personnel may occur
during standard procedures, such as resuscitation attempts
or device maintenance. They are either due to neglect of
safety precautions by the operator or failure of or damage to
the defibrillator. Gibbs et al. reported 8 incidents observed
in King County, WA, USA, between 1979 and 1988 along with
13 incidents that were reported to the Food and Drug
Administration in the USA within a 45-month period
between 1984 and 1987.72 Of these 21 episodes, 3 were
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caused by equipment failure while 17 were caused by
improper handling and neglected safety precautions,
respectively; the reason for the remaining episode could not
be determined. Based on the records of the Emergency
Medical Services in King County, where paramedics had
treated more than 3000 cardiac arrest patients at that time,
the authors estimated the incidence of electrical shocks to
ambulance personnel at approximately 1 injury per 1700
shocks. In most cases, the physical consequences of such
accidental shocks are minor. Short-term discomfort and
local tingling have been described. More serious sequelae
included burns and one case of hospital admission for fre-
quent premature ventricular contractions. To the best of our
knowledge, there are no case reports of death or long-term
impairment in personnel after suffering an electric shock
during defibrillation or cardioversion of a patient. Likewise,
we are not aware that such an accidental shock to
bystanders has ever resulted in a critical medical condition
or even cardiac arrest. It is a popular but erroneous belief
that a current always travels the path of least resistance.
Unless there is arcing of electricity from the electrodes, the
majority of the total current produced by the defibrillator
will travel through the chest. The current to which a
bystander may be exposed can only be a fraction of the total
current, being indirectly proportional to the resistance of
the bodies, the bystander’s shoes, the floor and the bed. It
has yet to be investigated whether such shunt currents are
at all capable of reaching the fibrillation threshold and thus
inducing VF. The safety precautions advocated by the
medical authorities and manufacturers to prevent electrical
accidents include standard device maintenance proce-
dures, avoidance of excessive amounts of conduction gel
during resuscitation (and preferential use of gel pads),
giving announcements aloud, checking that everybody
stands clear before defibrillator discharge, and ensuring
that manual paddles are placed only on either the patient’s
chest or in the defibrillator pockets. Although the actual risk
of being harmed by shunt currents during defibrillation is
very low it seems reasonable to follow these rules.

Danger of fire
Defibrillation may set the patient, rescuers, the bed, and
medical equipment on fire. Severe burns, considerable
material damage, and the exigency of ward evacuation
have been described repeatedly. Such fires are no myster-
ies of resuscitation; circumstances that may culminate in
this hazardous complication are well known and precau-
tions for its prevention are available. Three prerequisites
must be fulfilled to ignite a fire by defibrillation: (1) an
oxygen-enriched atmosphere must exist in the vicinity of
the defibrillator electrodes; (2) an electric spark is needed

for ignition; and (3) an agent that is combustible must be
present. If any of these three “ingredients” is absent, a fire
is very unlikely.

1. An oxygen-enriched atmosphere (OEA) appears to be
the basis for ignition. Ventilation bags with an oxygen-flow
of �10 l/min put next to the patient’s head increase the
oxygen concentration of the ambient air at several points
around the head and chest of the patient.73 The same
finding applies to mechanical ventilator tubes when they
are disconnected from the tracheal tube, left close to the
patient, and continue to deliver oxygen. Also, oxygen
masks left on the patient’s face during defibrillation are
sufficient to establish an OEA – probably by leakage of
oxygen under the edges of the mask.74 Evidence suggests
that keeping the ventilation devices 1 m off the patient’s
head is safe. Clearly, a mechanical ventilator that is left
connected to a tracheal tube poses no threat. It is a matter
of controversy, however, whether a manual ventilation bag
that remains connected to a tracheal airway with oxygen
leaking from the overflow valve is safe or not. Since
increased ambient oxygen concentrations have been
demonstrated in a corresponding manikin model, it
appears prudent to consider this condition as dangerous
as well.75 The highest oxygen concentration on the body
surface is usually measured in the axilla. Indeed, oxygen,
being slightly denser than room air, may accumulate in
swales and cavities as, for instance, those provided by
crumpled sheets or clothing.

2. An electric arc or spark is essential to set combustible
material on fire by defibrillation. Sparks are more likely if
resistance of the electrode–skin junction is high. This con-
dition occurs when electrode paddles or pads are not in
proper contact with the chest across their entire surface,
when inadequate conductive gel is used, or when adhesive
electrode pads are dried out. Case reports have also sug-
gested that too much gel (smeared across the chest) and
ECG electrodes next to the defibrillator electrodes may
have contributed to fire incidents in the past.

3. Oxygen itself is not flammable. To feed a fire it needs
an agent that is combustible. Some agents present during
resuscitation are particularly prone to be ignited by a spark
in an oxygen-enriched atmosphere. These include fine
body hair, surface nap fibres found on most fabrics, dust,
and others. Once one of these easily flammable materials
has been ignited, other adjacent matter may catch fire.
Often, the flame flashes instantaneously over the surface of
the bed or patient in a phenomenon referred to as “surface-
fibre flame propagation.”76 Spreading of the fire front
towards the oxygen source is common, and damage of
devices such as the mechanical ventilator have been
described.
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In conclusion, fires ignited by defibrillation are not rare,
but adherence to a few simple rules can prevent this poten-
tially devastating complication (Table 45.2).

Danger of explosions
In the past, attempted defibrillation through nitroglycerin
(glyceryl trinitrate) patches has occasionally resulted in
“explosions” including arcing, a loud noise, and smoke.
This was first interpreted as an actual explosion of the
pharmacologic agent. In contrast, further investigations
concluded that this phenomenon only occurred in med-
ication patches containing metal foil or mesh, and that it
appeared to be due to a voltage breakdown resulting from
the high resistance of such patches.77–79 This voltage-
breakdown follows the same principles as were discussed
above in conjunction with burns and may be accompanied
by an arc between the defibrillator electrode and the metal
foil in the patch. As a consequence, perforation of the
patch is common. Modern transdermal medication
patches no longer contain a metal foil. Nonetheless, as
such patches may increase the resistance at the elec-
trode–skin interface, with the subsequent risk of sparks,
burns, and dissipation of defibrillation energy as discussed
above, it is reasonable to advise defibrillating personnel
not to place defibrillator paddles or pads over any kind of
medication patches. Patches should be removed.

Conclusions

Most patients who undergo multiple defibrillation attempts
will develop at least first-degree burns at the site of electrode
attachment. Higher cumulative energy will cause more
severe burns. Repetitive countershocks may be accompa-
nied by a considerable degree of skeletal muscle decompo-
sition, including the risk of rhabdomyolysis. At least in
adults, clinically relevant postresuscitative impairment of
myocardial function so far has not conclusively been shown
to be attributable to defibrillation. In pacemaker or ICD car-
riers, medical personnel must be aware that defibrillation
can result in temporary or permanent malfunction or break-
down of the device. Minor electric shocks may be inflicted
to rescue personnel during defibrillation of a patient. No
case of long-term impairment or lethal outcome of such
accidental shocks has been reported in the medical litera-
ture, however. In contrast, non-therapeutic full capacity
transthoracic shocks can be fatal. Defibrillation can ignite a
fire at the bedside if an oxygen-enriched atmosphere is
present; preventive measures are available. Safety precau-
tions for defibrillation are discussed above.
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Table 45.2. Safeguards to minimize the risk of fire during defibrillation

1. Prevention of an oxygen-enriched atmosphere

Always connect an airway adjunct to oxygen supplies properly.

Before defibrillation, leave a mechanical ventilator tube properly connected to the tracheal airway, but remove manual ventilation

bags and oxygen masks as far away from the patient as practical (at least 1 m).

During resuscitation never leave an open oxygen source next to the patient.

2. Prevention of sparks

Avoid electrode placement over an irregular chest surface. If contact gaps, e.g., caused by depressed intercostal spaces, are

inevitable, consider anterior-posterior electrode position.

Do not place paddles or pads over or close to ECG wires or ECG electrodes.

Shave or, if time permits, clip excessive chest hair under the area of electrode contact.

(a) Use of manual paddles:

Use an appropriate amount of conductive gel. Make sure the gel is approved for defibrillation. Consider gel-pads as a substitute 

for jelly.

Apply firm and even paddle force according to the guidelines. Make sure the whole paddle surface is in contact with the skin.

(b) Use of self-adhesive pads:

Check date of expiration and integrity of the pad packaging before application.

When attaching the pads to the chest wall, make sure that they are not folded, air bubbles are not trapped underneath, and

adherence to the skin is complete.

Remember to change dried-out pads during long-term or repetitive resuscitation according to manufacturer’s advice.

3. Removal of flammable material

If feasible, move gowns, patient’s clothing, bedding, drapes, curtains, etc. from the resuscitation area.



Complications of artificial respiration

Universal complications of artificial respiration

Injuries associated with reclination of the cervical spine
To keep the airway patent and protected is one of the first
steps in resuscitation of collapsed patients.

The patency of the airway can be maintained by chin lift
(performed with one hand at the side of the patient) and
jaw thrust (Esmarch maneuver performed with both hands
above the patient) and additional head tilt, with or without
the assistance of airway device, for example, oropharyn-
geal or nasopharyngeal airway devices.

Airway management can be particularly complex when
there are facial bone fractures, head injuries, and cervical
spine instability.80

Whereas results of some authors indicate that the chin
lift technique provides the most consistently adequate
airway,81,82 other authors stated that the jaw thrust maneu-
ver is more effective in improving airway patency and ven-
tilation, especially in children.83

During head tilt and the assistance for intubation, the
patient	s neck is put in an extreme reclination and
maximal straightening, which leads to a high tension
load on the cervical column. Typical complications are
intimal lesions in the vessels84 and retropharyngeal
hemorrhage.

When the maneuvres are conducted with high force and
velocity, the risk is high for injury to the cervical spine itself.
Elderly people have a higher risk for such osseous lesions,
because of degenerative and osteoporotic alterations.
Spinal cord injury and dislocation of the cervical spine may
occur, especially in patients with preexisting trauma.

Pneumoperitoneum
Mechanical ventilation and cardiopulmonary resuscita-
tion can be specific causes of non-surgical pneumoperi-
toneum. Pneumothorax has also been associated with
pneumoperitoneum. A direct passage through pleural and
diaphragmatic defects and a passage via the mediastinum
along perivascular connective tissue or major diaphrag-
matic portals to the retroperitoneum and finally to the
peritoneum are considered as mechanisms. The manage-
ment of pneumoperitoneum of suspected thoracic etiol-
ogy can be conservative when there are no peritoneal signs
or a suspicious ruptured viscus.85

Regurgitation and aspiration
The risk of gastric regurgitation and subsequent
pulmonary aspiration is a recognized complication of
cardiac arrest – a risk, that may be further increased by the

resuscitative procedure itself. A study comparing bag valve
mask (BVM) and laryngeal mask airway (LMA) confirmed
that when an LMA is used as a first line airway device,
regurgitation is relatively uncommon.86

Despite orotracheal intubation, aspiration around the
tracheal tube may be a complication provoked by frequent
swallowing movements.87

Artificial respiration without devices: gastric distension
and rupture

Air insufflation in the stomach is a frequent complication
of mouth-to-mouth ventilation promoted in the case of
airway obstruction. The gastric distension interferes with
ventilation by elevating the diaphragm, resulting in a
decreased lung volume. Constant cricoid pressure – the
Sellick maneuver – during artificial breathing could
prevent gastric distension in these instances and should be
recommended.88 Rupture of the stomach is a rare compli-
cation of cardiopulmonary resuscitation. An incidence of
0.1% has been reported in the literature.69 Between 1970
and 2000 the number of cases referred in the literature did
not exceed 30.90

The majority of reported cases have been associated
with difficulty in airway management or esophageal intu-
bation (Fig. 45.3).91

In an experimental study design, the mean rupture
pressure of the human stomach was 73 
/� 13 mmHg
(9.7 
/� 1.7 kPa) and the mean rupture volume was
2670 
/� 410 ml. A viscoelastic model can be used for
representing the relations between pressure and volume
as well as pressure and time. The site of main ruptures
coincides with mesenteric insertion at the lesser gastric
curvature. The effusion of gastric contents into the lesser
omentum and the mediastinum may be responsible for an
occasional lack of abdominal symptoms.92

Artificial respiration with devices

Tracheal intubation
Securing the airway with an endotracheal tube is the gold
standard, but excellent success in emergency airway man-
agement depends on initial training, retraining, and actual
frequency of a given procedure in routine.93

Intubation may result in further injury of oral and/or
cervical soft tissue by mechanical damage during the
manipulations, especially in a sequence of multiple
attempts.94

Undesirable incidents or complications are seen in
about 20% of prehospital emergency airway management
procedures. The most common complications (n�201)
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are: more than one attempt of intubation (14.4%), vomit-
ing and/or aspiration (6.8%), esophageal intubation
(3.2%), and mucosal injuries (1.7%).95

Multiple endotracheal intubation attempts are associ-
ated with significant complications, offer limited advan-
tage over bag valve mask, and may possibly affect outcome.
Indications for field intubations may require review, espe-
cially in rural pediatric trauma. In the field, more attempts
of intubation were necessary compared to planned intu-
bation in operation rooms. Airway complications and mul-
tiple intubations were associated with transport delay,
lower GCS, longer hospital stay, and lower discharge GCS,
but were independent of injury severity score, sex, age, and
survival.96

In elective intubation, the teeth most likely to be injured
are the upper incisors. In most cases dental injury is not
associated with a pre-event prediction of difficult intuba-
tion.97 Compared to metal laryngoscopes plastic blades do
not fracture any dental model materials; therefore, plastic
laryngoscope blades are less likely to cause dental fracture
compared with metal blades.98

Chewing on an endotracheal tube may be another cause
of tooth damage.99 Such factors must be taken into account
in cases of claiming iatrogenic damage.

Tapia’s syndrome (paralysis of the hypoglossal and recur-
rent laryngeal nerves) is due to extracranial involvement of
the hypoglossal nerve and the recurrent laryngeal branch of
the vagal nerve and may be a complication of intubation.100

Use of more than one tube, a narrow laryngeal space, and
accidental flexion of the neck contribute to a bilateral
recurrent paralysis of the laryngeal nerve.101

Although tracheal rupture is a rare complication of
endotracheal intubation,102 if it does occur, the mortality
is 75%103. Tracheal rupture leads to pneumothorax and
emphysema of subcutaneous tissue and infections.
Lesions from intubation are always located in the mem-
braneous part and follow the longitudinal axis of the
trachea.104 Even the hypopharyngeal tissue can be perfor-
ated during intubation.105

Esophageal intubation
Cardiac arrest during emergency tracheal intubation is a
relatively common problem. Airway-related complications
play a prominent role in these cases. Out of 3035 critically
ill patients suffering from cardiopulmonary, traumatic,
septic, metabolic, or neurological-based deterioration and
requiring emergency airway management, 60 suffered
from cardiac arrest. Esophageal intubation was a frequent
complication (n�38; 63%), often leading to hypoxemia
(97%) and regurgitation (67%). Immediate access to
advanced airway devices and endotracheal tube-verifying

devices appears to have a significant impact on the inci-
dence of hypoxemia-driven cardiac arrest.106

Nasotracheal and nasopharyngeal airway
Complications such as hemorrhage occur more frequently
with the nasotracheal than with the orotracheal route.107

On the other hand, the orotracheal intubation route was
significantly associated with a higher frequency of aspira-
tion compared with nasotracheal intubation in children.
These results suggest that the nasotracheal intubation
route is recommended as the first choice for reducing this
potential clinical complication.87

Blind nasopharyngeal airway insertion may result in
lethal iatrogenic injury when used in a head-injured
patient. Even an intracranial insertion of a nasopharyngeal
airway during resuscitation after trauma has been
reported. Oropharyngeal airways may be used to assist
with ventilation.108

In patients with lesions of the cervical spine, direct laryn-
goscopy for endotracheal intubation entails the risk of
injuring the spinal cord. In an attempt to avoid this compli-
cation, flexible fiberoptic nasal intubation can be used.109

Alternative airway devices
Alternative airway devices have been developed, especially
for emergency care systems when the use of endotracheal
intubation by prehospital care personnel is restricted
by policy or statute, or as a second line airway device.
These alternative airway devices include Laryngeal Mask
Airway (LMA), the Esophageal Obturator Airway (EOA)
and Esophageal Gastric Tube Airway (EGTA), the
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Pharyngeotracheal Lumen Airway (PTL), and the
Esophageal-Tracheal Combitube (ETC). The EGTA adds a
Levine tube to the EOA to relieve gastric pressure.

Ventilation and oxygenation can, in some circum-
stances, be achieved equally well with the EOA/EGTA
device or with endotracheal intubation. Alternative air-
way devices can be inadequate and the complication
rate is relatively high. The PTL and the ETC seem to
provide adequate ventilation and oxygenation with few
complications.110

Laboratory and clinical evidence supports the important
role of alternative airway devices to mask ventilation
and endotracheal intubation in the chain of survival. In
particular, the laryngeal mask airway (LMA) and ETC
proved to be effective alternatives in providing oxygena-
tion and ventilation to the patient in cardiac arrest.111

In a comparative study of patients in cardiopulmonary
arrest with ventricular fibrillation, endotracheal tube
airway and EGTA were compared. Complication rates and
success of intubation were similar in the two groups,
although only training time was longer for endotracheal
intubation.112

The esophageal–tracheal Combitube (ETC) is a ventila-
tory device consisting of a twin lumen tube with proximal
and distal inflatable cuffs. The major benefit of the
Combitube is that its design and function allow for ventila-
tion through non-laryngoscope-assisted insertion into
either the trachea or esophagus.113

Although visualized endotracheal intubation remains
the preferred method of airway control, the ETC may be an
effective prehospital airway device as both a backup to the
endotracheal tube and a primary airway. Although the ETC
does not require visualization with a laryngoscope, com-
prehensive training and continuing education are key
factors in maintaining skill retention.114

Complications of ETC include subcutaneous emphy-
sema, pneumomediastinum, and pneumoperitoneum. In
a cadaver study, a protrusion of the anterior wall of the
esophagus and distension resulting from inflation of the
distal cuff was found, which could lead to esophageal
injuries.115,116

In another study118, the serious or potentially lethal com-
plication rate was 3.3 times more common with the use of
the EOA/EGTA than with the tracheal tube.

In a direct comparison of LMA, ETC, and the tracheal
tube, the use of the tracheal tube by medical students was
difficult and the skills acquired deteriorated significantly
over time. The LMA, the LT and the ETC seemed to have an
advantage over the tracheal tube insofar as the techniques
were more easily learned and the skills better retained. For
the LMA and the ETC, the authors recommended that

these alternative devices be included in the medical school
curriculum for airway management.118

Insufflation of the stomach with air can be a complica-
tion of face mask ventilation in the case of airway obstruc-
tion. Although the laryngeal mask airway (LMA) has
proven of value in airway resuscitation, it has two major
failings: a relatively low seal pressure, and lack of access to
the alimentary tract. These problems led to the develop-
ment of the LMA-ProSeal, which permits ventilation with
higher airway pressures.119 The placement of the ProSeal
laryngeal mask airway is said to be significantly easier than
for the laryngeal mask airway.120

Cricothyrotomy and tracheotomy

Percutaneous transtracheal ventilation has proven useful
in emergency airway management. Its speed and ease of
performance are offset by the need for specialized equip-
ment to accomplish it.121 There is a tendency toward
carbon dioxide retention and poor alveolar washout. The
most common complication is subcutaneous emphysema
caused by incorrect placement of the catheter.122

Infections are a rare complication of percutaneous
transtracheal ventilation. In a reported case, the contamin-
ation of the deep neck spaces facilitated by pressure dis-
section of the fascial planes led to cervical osteomyelitis.123

Tracheotomy and coniotomy are procedures that cause
frequent early and later complications; therefore, there
must be a rigorous indication that they are necessary. If
emergency airway access is needed and translaryngeal
intubation is not possible, a cricothyroidotomy should be
considered.124 Careful management and expert nursing
support can prevent many later complications.

“Minimally invasive” cricothyroidotomy devices are now
available for the professional health care provider who is
not proficient or comfortable with performing an emer-
gency surgical tracheotomy or cricothyroidotomy.111

The main indication for cricothyroidotomy is the inabil-
ity to establish an airway by intubation, usually in a situ-
ation of possible neck injury or severe facial trauma. The
use of emergency cricothyroidotomy is supported in situ-
ations in which intubation is not successful or thought
not to be safe. Tracheostomy subsequent to emergency
cricothyroidotomy does not necessarily reduce airway-
related morbidity in these patients.125

Conclusions

Ventilation with the objective of oxygenating the blood is a
decisive step in resuscitation. For this purpose the airway
must be kept patent and protected. First, the indication for
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artificial airway management must be examined carefully.
Depending on preexisting conditions like head and cervi-
cal spine injuries, airway management can be particularly
complex.

Any action taken – even mouth-to-mouth resuscitation –
is subject to more or fewer complications, some of them life-
threatening. The rescuer should be aware of these hazards
and minimize their frequency by continuing education and
comprehensive training. Concomitantly, refraining from
indicated airway management and artificial ventilation
leads to a lethal outcome in every patient.

New advanced airway devices can be helpful and are
increasingly included in the medical staff training for
airway management. Professional skills have to be
achieved and sustained: practice makes perfect.
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Introduction

The history of CPR is in part documented in the Old
Testament,1 but the science of CPR is but a half century old
and is still emerging from its infancy.2 Accordingly, it is not
unexpected and certainly not shameful that as the science
of resuscitation goes forward, we must sometimes retreat
as often as we advance. Yet, that is indeed progress and
inevitably the path that is characteristic of meaningful
achievements in science and medicine.

Airway techniques and devices

One size does not fit all3

The vast majority of sudden deaths in children and, indeed,
in victims under the age of 40 years are attributable to failure
of ventilation. Accordingly, either mechanical obstruction
by foreign body, laryngospasm, or laryngeal edema, or bron-
choconstriction, constrains air exchange. Neuromuscular
or skeletal injury, including intrathoracic crises such as
pneumothorax, may account for death, though typically not
sudden death. It is in these settings that the priority is estab-
lishment and maintenance of a patent airway and external
ventilation. Since a majority of the foreign bodies that are
swallowed by children and adults lodge in the posterior
pharynx, the rescuer is the person best prepared to remove
these promptly. Hence, the traditional (A) of the ABC sur-
vives, especially for children and young adults and in set-
tings of witnessed cardiac arrest when respiratory distress
with paradoxical chest and abdominal movements and
especially stridor precedes loss of consciousness.

There has been an appropriate re-examination of the
role of routine endotracheal intubation during CPR,
whether in the field or in the hospital. For practical pur-
poses, endotracheal intubation interrupts chest compres-
sion. The predominance of evidence now favors clearance
of the airway, but coincident with starting chest compres-
sion. Even among professional rescuers, there is an unduly
high incidence of initially failed intubation and potentially
fatal esophageal intubation. There is trauma to the airway
with bleeding after emergency intubations out-of-hospital
in as many as 30% of attempted intubations. Routine endo-
tracheal intubation during CPR is therefore now disad-
vised. The alternative is that of a more reliable and less
traumatic method of airway control, namely the use of a
laryngeal mask airway (LMA). The LMA may be inserted
rapidly and securely by a minimally trained professional
rescuer with initial benefits comparable to those of endo-
tracheal tubes.4

Drug administration

The routine of establishing a route by which resuscitative
drugs may be delivered into the central circulation was
prompted, in part, by the priority and essentially universal
use of epinephrine, atropine, sodium bicarbonate, calcium
gluconate or chloride, and lidocaine beginning in the
1960s. Intracardiac injection lost favor because it had
questionable effectiveness and a risk of serious injury.
Endotracheal administration survived as an alternative.
Yet none of these drugs nor any routine pharmaceutical
intervention can now be regarded as of proven benefit,
even treatment with epinephrine. This is more directly
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addressed below. Accordingly, the assumption that there is
a high priority for establishment of a route for drug admin-
istration routinely during CPR is now not sustained.
Nevertheless, there are major exceptions. Intravenous
access is required for volume repletion after volume deple-
tion and especially exsanguinations, for administration of
specific antidotes to drug intoxication, and for emergency
management of major electrolyte or endocrine abnormal-
ities, especially hyperkalemia.

Ready access to the central circulation may be gained
through the internal jugular or subclavian veins. Although
the supraclavicular approach to the jugular or the subcla-
vian vein has been utilized during CPR, this is inevitably a
challenging procedure during chest compression. Femoral
vein cannulation may be accomplished without inter-
ruption of CPR, but the site is less predictable. Evidence
favoring endobronchial administration of drugs is quite
controversial. As stated above, the evidence favoring its use
is not persuasive. Absorption is erratic and drugs accumu-
late such that effects are of unpredictable onset and dura-
tion. This route would best be viewed as a last resort in
instances in which venous access for specific indications
becomes a priority.

A new development has been intraosseous access to the
central circulation. Employed initially with high success,
in children, the technique has been expanded for use in
adults. Commercial kits are now available. Ease of inser-
tion by trained operators, usually into the tibia, and confir-
mation of appropriate placement provides a highly
effective option for reliable and minimally invasive access
to the central circulation.5

Ventilation

Methods by which pulmonary gas exchange is restored by
artificial ventilation represent the very foundation of
resuscitation medicine. Yet objective evidence of its life-
saving value during routine CPR after sudden death has
greatly diminished. Most important, delays in instituting
or maintaining chest compression for external ventilation
have been shown to have adverse effects on outcomes.
There is persuasive physiological rationale and experi-
mental confirmation that in settings of cardiac arrest due
to sudden death and therefore in the absence of asphyxia,
chest compressions without ventilation do not compro-
mise outcomes. To the contrary, positive pressure breath-
ing, whether by mouth-to-mouth, mouth-to-nose, valved
bag and mask, or mechanical ventilators increases
intrathoracic pressure and thereby impedes cardiac filling

in close relationship to the tidal volumes and the rates at
which breaths are delivered. Accordingly, the greater the
tidal volumes and the higher the frequency, the less is
the cardiac output generated by chest compression.
Hyperventilation resulting in extremes of hypocapnia also
may compromise the success of resuscitation.6 There is
some optimism that these adversities may be mitigated by
use of the impedance threshold valve. Greatly reduced pul-
monary blood flow requires greatly reduced minute
volumes for adequate alveolar ventilation. Hence, as little
as 300 mL of tidal volume may be adequate for the average
adult patient when cardiac output is likely to be less than
20% of normal during CPR. Whether hyperventilation-
induced hypocapnia and specifically the marked reduc-
tion in arterial PCO2 is itself detrimental has not as yet been
secured.

The demotion of ventilations as a priority intervention,
however, does not apply to asphyxial cardiac arrest due to
drowning or airway obstruction or to pediatric and neona-
tal resuscitation. Whereas there is no secure proof that
increasing the inspired oxygen concentrations delivered
into or near the airway improves outcomes, there is suffi-
cient rationale and no adverse effects have been identified.

Public access defibrillation

The enthusiasm for early use of automated external defib-
rillators (AEDs) was understandably ignited by remarkably
successful experiences in Rochester, Minnesota, especially
by police first responders; in the Las Vegas casinos; in the
Chicago airports, in part by untrained rescuers; and by
Basic Life Support/AED trained cabin attendants in flight.7

The ultimate life-saving benefits have been less impres-
sive, however, for at least three reasons. First, there is per-
suasive evidence of benefit in public settings, but the
preponderance of cardiac arrests occur in the home.
Second, there is a remarkable decrease in the incidence of
sudden death presenting as ventricular fibrillation (VF)
both in- and out-of-hospital. The overall incidence has
decreased below 50%. Third, it is now apparent that the
non-professional rescuer’s initial resuscitation effort may
have been distracted by prioritizing defibrillation therefore
engendering delays in initiating and maintaining uninter-
rupted chest compression.

Accordingly, chest compression has once again become
the primary and initial intervention for both lay and pro-
fessional rescuers during out-of-hospital CPR, except
perhaps for witnessed sudden death during the initial 3 to
5 minutes and asphyxial cardiac arrest.
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Sequencing CPR

There is much merit in the proposal by Weisfeldt and
Becker8 to identify three time-sensitive phases of resusci-
tation after cardiac arrest. Nonetheless, these apply pri-
marily to sudden death of cardiac cause, in contrast to
either cardiac arrest in settings of asphyxia or exsanguina-
tion. The first is the electrical phase which the authors
estimate to be 4 minutes. It is the phase during which
electrical conversion takes precedence. The second phase
extends from 4 to 10 minutes and this is the time window
for restoring blood flow that currently is performed
almost entirely with precordial compression or, in
uncommon instances of chest surgery or trauma to the
thorax, open chest direct cardiac compression. The third
and final phase is the metabolic phase in which there is
myocardial (and cerebral) ischemic injury with progres-
sion to cell death. The heart itself loses compliance and
there is evidence of progression to a stone heart. As high-
lighted by Cobb,9 chest compression with effort to restore
circulation promptly continues to take the lead as the
initial intervention in all instances of sudden death,
except for opening of the airway and restoring breathing
in settings of asphyxial cardiac arrest, in addition to pre-
cordial compression.

Prevention

Sudden cardiac death is epidemic, and the predominant
cause of cardiac arrest in industrialized nations is cardio-
vascular disease, specifically atherosclerosis. A remarkable
70% of all deaths in the United States are now attributed to
coronary or cerebral vascular diseases which terminate in
myocardial infarction or stroke.

Prevention of sudden death therefore appropriately
focuses on prevention of identifiable risk factors. Though
family history may in part account for as many as 50% of
fatal atherosclerotic vascular events, evidence favors life-
style interventions and, when that alone is of limited effec-
tiveness, appropriate pharmacological interventions.

It is likely that understanding of a “metabolic syn-
drome”10 has been both a conceptual and a pragmatic
advance. The hallmarks include a combination of abdom-
inal obesity, hypertension, hypertriglyceridemia, fasting
hyperglycemia, and a disproportionately higher LDL
cholesterol and a lower HDL cholesterol. Lifestyle inter-
ventions include diet, exercise, and cessation of smoking.
Pharmacological interventions include control of hyper-
tension, hyperglycemia, and hyperlipidemia and, in some
instances, the administration of antiplatelet agents.

Relatively rare causes of sudden death, especially in chil-
dren and younger adults, are genetic causes of heart
disease. These are now better identified by genotyping11

and include hypertrophic (subaortic, septal) cardiomy-
opathies, long QT syndromes, Brugada syndrome, so-
called catecholaminogenic polymorphic ventricular
tachycardia and arrhythmogenic right ventricular dyspla-
sia. Syncope is an important warning sign.

Perhaps the largest cause of cardiac death is that of end-
stage heart failure when ejection fractions decline to less
than 30%. Both survivors of cardiac arrest and individuals
who are identifiably at high risk of sudden death are candi-
dates for internally implanted defibrillators and this has
proven to be a major advance for prolonging survival in
such patients.

Vasopressor agents and sodium bicarbonate

Perhaps no two subjects bearing on CPR have been debated
more vigorously and, from our vantage point, with greater
emotional fervor than the use of vasopressor agents and
sodium bicarbonate. Epinephrine has been the singularly
most prominent resuscitative drug for more than a century
and for good reason. It improves the success of initial resus-
citation with the likelihood of restoring spontaneous circu-
lation. In experimental animals, it has been shown to
increase survival, but there is no secure evidence of survival
benefit in human patients. Unfortunately, the same applies
to vasopressins. Theoretically, vasopressin has advantages
over epinephrine in that it may diminish the severity of
postresuscitation myocardial dysfunction, especially in
patients with ischemic heart disease, in whom beta adrener-
gic blockade has reduced the risk of fatal ischemic episodes.
There is experimental evidence of protection by the admin-
istration of a beta adrenergic blocking agent during CPR.
Hence, there has been interest in alternative non-adrenergic
vasoconstrictor drugs, including angiotensin II, endothelin
for which no secure data of benefit exist, and arginine vaso-
pressin. At the time of this writing, vasopressin has advan-
tages over epinephrine, but there is no secure proof that any
vasopressor drug improves long-term outcomes.

With respect to bicarbonate or other buffer agents, there
is no persuasive evidence of improved outcomes but
instead the potential of serious adverse effects.

Drug management of arrhythmias

Two dicta emerge. The first is that the routine administra-
tion of any antiarrhythmic drug during CPR has not been
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proven to increase long-term survival. The second is that
almost all antiarrhythmic drugs are also proarrhythmic. Of
all agents currently available, amiodarone remains the best
option for drug management of recurrent ventricular tachy-
cardia and ventricular fibrillation other than those due to
electrolyte abnormalities. Admittedly, no survival benefit
beyond hospital discharge has been demonstrated. There
is now no secure evidence favoring the administration of
lidocaine, bretylium, and procainamide. Administration of
atropine, though still widely practiced for management
of bradyarrhythmias or agonal rhythms, also has no proven
survival benefit. Accordingly, present data prompt us to
conclude that antiarrhythmic agents, like other routine
pharmacological interventions, have so far failed to improve
outcomes of sudden death. Moreover, these drugs unfortu-
nately have the potential for serious adverse effects.

Postresuscitation care

Hypothermia was widely used in conjunction with cardiac
surgery in the 1950s and later in conjunction with car-
diopulmonary bypass. The recent demonstration that
modest hypothermia in the range of 32ºC to 35ºC produces
impressive improvement in neurological outcomes has
prompted widespread enthusiasm for its routine use. The
rationale for its use, and especially the pioneering of the late
Peter Safar, have established both the rationale and benefits
of its routine use. As yet, however, there is need for agree-
ment on preferred methods of cooling, methods of monitor-
ing core temperature, and the rationale for and interpreting
measurements such as blood gases during hypothermia.
Prevention of adverse effects of hypothermia, including
thrombocytopenia and platelet dysfunction, which com-
promises blood clotting, is being actively explored.

Complications include cold diuresis, hypernatremia with
hyperosmolal states, probable pancreatic dysfunction with
increases in serum amylase and hyperglycemia, and
decreased insulin effectiveness. The risks of infection, espe-
cially pneumonia and wound infections, are increased.
Better understanding of these complications is sought as a
basis for patient selection. The technique is promising and
important. The goal is to mitigate the devastation that
follows irreversible ischemic injury to the brain and major
neurological deficits after successful initial resuscitation.

Monitoring and measurements

It is clear that the detection of cardiac arrest cannot be
achieved reliably by palpation of the carotid or femoral

pulses, especially by non-professional providers. According-
ly, the pulse check is appropriately deleted from the arma-
mentariam of the BLS provider. Even for the professional
provider, it is unlikely that palpation is reliable, especially
during uninterrupted chest compression. Most important,
however, is the consensus that chest compression should
not be delayed for a pulse check. The possibility that the
presence or absence of the heart beat may be detected by
measurements of transthoracic impedance is attractive.

The most consistent guide for predicting the likelihood
of defibrillation and restoration of spontaneous circulation
is the coronary perfusion pressure (CPP). Except for
patients who are invasively monitored in the hospital prior
to cardiac arrest in the operating suite, cardiac catheteriza-
tion laboratory, or intensive care unit, this is not applicable
in other settings and especially out-of-hospital. End-tidal
PCO2 (EtPCO2), however, is an excellent surrogate of both
coronary perfusion pressure and cardiac output generated
by chest compression.12 EtPCO2 is also useful for guiding
effective chest compression and for the decision to dis-
continue CPR. Chest compression should consistently
increase and maintain EtPCO2 at levels exceeding 15 mm
Hg. Although there are only observational clinical data to
secure the proposed rule that CPR efforts may be aban-
doned absent EtPCO2 values exceeding 10 mm Hg for more
than 10 minutes in normothermic patients, this deserves
consideration.

Pulse oximetry fails during cardiac arrest when peripheral
blood flow is critically reduced or ceases. Measurements of
cardiac output and oxygen consumption during CPR are
both impractical and of no proven value. Blood gases,
oximetry, serum electrolytes, and arterial blood lactate are
potentially useful measurements including detection of
carbon monoxide intoxication, life-threatening hypo-
glycemia, some drug intoxications, and electrolyte abnor-
malities. Sublingual tissue CO2 is also of unproven value for
guiding cardiac resuscitation. Nevertheless, each of these
measurements is of substantial value primarily for postre-
suscitation management rather than during CPR.

There are important advances in the search for a predic-
tor to guide the timing and predict the success of a defib-
rillating shock.12 These include electrocardiographic
measurements based on voltage (amplitude), frequency,
and an algorithm that represents a combination of ampli-
tude and frequency (AMSA).

Thrombolysis

The therapeutic value of anticoagulants and thrombolysis
in settings of acute myocardial ischemia and following
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pulmonary embolization is undisputed. There is also evi-
dence of impaired microvascular blood flow with stasis
during and following resuscitation from cardiac arrest. The
potential value of anticoagulants and of thrombolytic
agents that have proteolytic activity acting on prothrom-
bin and thrombin in settings of CPR have been based on
experimental data, but as yet have gained no clear clinical
support. Observational studies project a five-fold greater
likelihood of bleeding including intracranial hemorrhage.
The incidence of serious bleeding is only 3%, however,
which is best viewed in relation to the current national
estimate of greater than 95% overall mortality after out-
of-hospital cardiac arrest. Though the rationale for antico-
agulants and thrombolysis is conceptually attractive,
clinical data are insufficient to support its use as adjunctive
therapy during CPR at this time.

In-hospital resuscitation

The overall survival is largely contingent on co-morbidi-
ties. Better outcomes are likely if preventive measures are
instituted by which the incidence of cardiac arrest is
reduced. Proactive Medical Emergency Teams (METs)
have been organized to identify patients at risk, arrange
prompt transfer of such patients to more intensive obser-
vation and management in monitored beds, or transfer
into intensive care units. The success of the MET, the
organized early response team, which typically includes a
Critical Care or Emergency Medicine specialist and a
Critical Care/Emergency Medicine RN specialist, is likely
to be contingent on the local hospital setting. There is
lesser need in teaching hospitals and greater benefit in
non-teaching hospitals in the absence of in-house physi-
cians. Hospitalists increasingly provide in-house services,
including MET equivalents. The effectiveness of a MET is
also contingent on the geographic location of patients and
availability of monitored beds. Finally, much is deter-
mined by the culture of the institution and the extent to
which physicians and other health providers share
responsibility without undue fear of intrusion or per-
ceived liabilities.

A special issue relates to the perceived obsolescence of
manual defibrillators that do not deliver biphasic wave-
form, lower energy shocks, and escalating energies up to
360 joules. The likelihood that such compromise outcomes
is now of lesser concern, however. The new and now more
appropriate routine is delivery of only one shock with brief
interruption of chest compressions. A single shock will
therefore be at the lowest power setting, typically 200
joules.

Complications

As yet unsettled are the possible benefits and the adverse
effects of the “precordial thump” delivered after witnessed
cardiac arrest. There is persuasive evidence that a mechan-
ically induced chest wall impact so timed that it immedi-
ately precedes the peak of the T wave may induce ectopic
ventricular arrhythmias including ventricular fibrillation,
so-called COMMOTIO CORDIS. Defibrillation produces
skin burns, the so-called perimeter effect.13

Electrical shocks produce increases in both total crea-
tine phosphokinase (CPK) principally from striated muscle
and in the cardiac CPK-MB fraction together with
Troponin T of myocardial source. If the rescuer is shocked,
it is an unpleasant experience but quite remarkably, there
has never been documentation of serious injury.

In a majority of victims, manual precordial compression
fractures ribs. This applies also to mechanical chest com-
pression, including the LUCAS® and the Autopulse®,
together with a minority incidence of sternal fractures.

In contrast to primary cardiac causes of cardiac arrest in
older adults, the predominant causes of cardiac arrest in
pediatric patients are not cardiac. They are associated with
asphyxia and especially foreign body aspiration and
drowning or traumatic blood loss with exsanguination.
More recent experimental studies nevertheless provide
persuasive evidence that opening the airway and starting
ventilation do not alone result in optimal outcomes. After
onset of cardiac arrest, conventional precordial compres-
sion would best be part of initial management.

Ventricular fibrillation occurs in fewer than 10% of pedi-
atric patients. If VF evolves during resuscitation from
pulseless rhythms or asystole, the likelihood of a favorable
outcome is diminished. The empirical decision to “dose”
the energy delivered at 2 joules/kg proves 90% effective.
Newer versions of AEDs that deliver biphasic waveform
shocks provide pediatric cables and electrodes that atten-
uate the delivered shock to between 50 and 80 joules, an
appropriate dose for children.

The routine of airway intubation for pediatric patients
with cardiac arrest in out-of-hospital settings has been
largely abandoned because of the dual detriments of
delayed ventilation and precordial compression and the
high incidence of both airway trauma and esophageal
intubation.

As in adults, substantially lower tidal volumes are now
delivered to avoid hyperventilation. Also as in adults, there
is currently no proof that routine administration of drugs is
of proven value. Calcium gluconate or chloride is adminis-
tered on specific indication, including calcium channel
blockade overdose, hyperkalemia, and hypocalcemia.
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Sodium bicarbonate is administered for management of
hyperkalemia and tricyclic antidepressant overdose.

Vascular access is now most predictably obtained by the
intraosseous route. Neurological recovery is compromised
by fever. We anticipated major benefits of hypothermia,
but for pediatric patients additional objective clinical con-
firmation is awaited.

In pediatric patients who sustain cardiac arrest after
cardiac surgery, early implementation of extracorporeal
oxygenation (ECMO) has survival value.

Concluding comments

Though a preponderance of controlled clinical studies have
failed to establish survival benefits, especially for drugs, the
absence of proven benefit is not to be interpreted that there
is no potential for benefits. There are extraordinary ethical
and legal limitations that typically impose serious restraints
on the enrollment of patients during cardiac arrest, and
equally formidable challenges in the implementation of
such human experiments. Accordingly, we must not
despair of what may appear to be a see-saw of progress, but
maintain appreciation and optimism for the progress that
is being achieved.
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Part V

Postresuscitation disease and its care





The postresuscitation syndrome (PRS) has been defined
as a condition of an organism resuscitated following
prolonged cardiac arrest, caused by a combination of
whole body ischemia and reperfusion, and characterized
by multiple organ dysfunction, including neurologic
impairment.1

Background

Following resuscitation from cardiac arrest, patients either
recover consciousness or remain unconscious, depending
on the duration of cardiac arrest and the effectiveness of
any CPR, but also on prearrest conditions such as age and
comorbidities.2

Shortening no-flow times by timely interventions that can
maintain some perfusion and promote the restoration of
spontaneous circulation (e.g., bystander CPR, early defibril-
lation, and other means) improves the possibility of a suc-
cessful outcome with the patient recovering consciousness.3

The wider availability of resuscitation techniques to
reverse clinical death, however, has led to increasingly fre-
quent observations of a pathological condition occurring
in patients who remain unconscious, involving multiple
organ injury or failure following reperfusion after pro-
longed cardiac arrest.

The concept of postresuscitation disease as a unique
and new nosological entity was introduced by Negovsky
in 1972;4,5 the most interesting aspect of this innov-

ative concept was the recognition that the etiology
depended on a combination of severe circulatory hypoxia
with the unintended sequelae of measures used for
resuscitation.

On the basis of the wide variety of ischemic/hypoxic
mechanisms that can trigger its development, the disease
was redefined by Safar as a syndrome in which patho-
genetic processes triggered by cardiac arrest were exacer-
bated by reperfusion, causing damage to the brain and
other organs, the complex interactions of which combine
to determine overall outcome (see early experimental find-
ings summary).6,7

The evidence of features common to the postresus-
citation syndrome and multiple organ dysfunction syn-
drome led to the hypothesis that a systemic inflammatory
response of the entire organism was triggered by ischemia
and reperfusion, adding to the damage directly induced by
ischemia during cardiac arrest.8

Two landmark studies, showing that mild therapeutic
hypothermia started after reperfusion can improve recov-
ery after cardiac arrest, confirm that outcome is deter-
mined not only by events occurring during arrest and
CPR but also by pathogenetic processes continuing after
reperfusion.9,10

Recent reports confirm the occurrence of a “sepsis-like
syndrome” after resuscitation from cardiac arrest,11,12

although the mechanistic relationship to the direct
damage induced by ischemia during cardiac arrest has yet
to be clarified.
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Early Experimental Findings

Negovsky4,5 and his group of Russian investigators pioneered the concept of postresuscitation disease as a unique noso-
logical entity, caused by the combination of severe hypoxia and resuscitation, on the basis of hundreds of experimental
observations that fall into three groups:

1. Phasic Pattern of Postresuscitation Recovery
Independent of the type of insult, alterations in cerebral and extracerebral organs occur starting with reperfusion and
developing over time.

From insult to 6 to 9 hours postinsult: rapid changes in cerebral and systemic hemodynamics, metabolism, and rheol-
ogy (clotting disturbances, increased viscosity), increase levels of biologically active substances and prostaglandin deriv-
atives; alterations of the immune system (increased bactericidal activity, depressed reticuloendothelial system, and
hyperreactivity of B- and T-lymphocytes), and toxic factors in the blood (peptide fraction 800 to 2000 Daltons and endo-
toxin secondary to gram-negative bacteremia).

From 10 to 24 hours postinsult: normalization of cardiovascular variables and progression of metabolic derangements
ensue. During this time, 50% of deaths occur as a result of recurrent cardiac arrest.

From 1 to 3 days postinsult: stable cardiovascular variables and improvement in cerebral function associated with
increased intestinal permeability leading to bacteremia.

The stabilization phase (more than 3 days postinsult): characterized by the prevalence of localized or generalized
infection that represents the major cause of delayed deaths. The degree of cerebral and extracerebral organ derange-
ments is reported to be more severe and prolonged the longer the duration of the hypoxic–ischemic insult.

2. Interactions between Cerebral and Extracerebral Postischemic Damage on Outcome
The severity of systemic and hemodynamic derangements after 20 minutes of isolated brain ischemia is comparable to
that recorded after only 12–15 minutes of total circulatory arrest with ventricular fibrillation, suggesting that cerebral
postischemic damage plays a role in development of extracerebral dysfunction, probably by inducing changes in neu-
rohumoral regulation.

Cerebral function recovers better after bloodless global brain ischemia than after the same duration of circulatory
arrest from ventricular fibrillation, leading to the conclusion that extracerebral factors account for about half of the
pathological findings in the brain induced by cardiac arrest.

3. Benefical Effect of Trials with Detoxification Techniques
A series of trials aimed at removing toxins and normalizing homeostasis by various detoxification techniques showed
that all the techniques can improve neurological recovery and survival compared with concurrent controls; cross-cir-
culation was the most effective, in which circulation in the body of the resuscitated dog was maintained for 30 minutes
post-ROSC by the heart of a healthy donor dog, aided by an extracorporeal circulation system.

Safar and his group in Pittsburgh, in parallel with – but subsequent to – the Russian experimental work, confirmed
that extracerebral organ dysfunction may hamper cerebral recovery following resuscitation from cardiac arrest, based
on the observations that (a) cerebral function after isolated global brain ischemia recovers better than after compara-
ble durations of total body ischemia13,14 and (b) the use of cardiopulmonary bypass for resuscitation and for short-term
postresuscitation assistance improves myocardial performance after weaning, and significantly increases neurological
outcome and survival.15 Extracerebral organ dysfunction following resuscitation from cardiac arrest of increasing dura-
tions was studied in animal experimental models:1,6,7,14–19

• cardiac output and arterial oxygen transport, after a transient increase, showed a prolonged and profound decrease
associated with increased peripheral resistance; this starts sooner and is more severe and prolonged after longer
durations of VF, resolving by 12 to 24 hours postresuscitation

• pulmonary gas exchange, with assisted ventilation for 6 to 24 hours postresuscitation, is well maintained even after
extubation (normoxia, normocarbia, and rapid pH normalization)

• coagulation disturbances with hypocoagulability start during resuscitation, with prolonged clotting times and
decreased platelets and fibrinogen, and normalize at 24 hours after resuscitation; elevated fibrin-degradation prod-
ucts and decreased platelet counts were observed to 72 hours postresuscitation.



Incidence and prevalence

The incidence of out-of-hospital cardiac arrest is estimated
to be 49.5–66 per 100 000 cases per year:2 in these, return of
spontaneous circulation can be achieved in 17% to 33%,
depending on the efficiency of the emergency response
system.20

The incidence of in-hospital cardiac arrest has been esti-
mated as 1.4/100 admissions/year:21 in these cases, restora-
tion of spontaneous circulation occurs in 40%–44%.22

Of the patients resuscitated from cardiac arrest, a
small proportion (variable as a function of timeliness and
effectiveness of response) achieve early recovery, with
restoration of spontaneous respiration and consciousness.
Identification and treatment of the cause of arrest is the
main or only therapeutic challenge for this group of subjects.

But most survivors of cardiac arrest (80%) are comatose
postresuscitation, and are admitted to the ICU where they
represent the population of patients with postresuscita-

tion syndrome (PRS), amounting to about 15%–20% of all
cardiac arrest victims (Fig. 47.2).

Among the PRS patients, mortality has been reported to
be very high, reaching 80% by 6 months postresuscita-
tion:23–25 approximately one-third of the deaths are due to
cardiac causes (early deaths usually�24 hours), one-third
to malfunction of extracerebral organs, and one-third to
neurologic causes (late deaths).

The prevalence of the postresuscitation syndrome can
only be inferred, because of the bias of data resulting from
decisions to limit treatment, including instructions for “do
not attempt resuscitation,” in cases of recurrent cardiac
arrest.22–26

Etiology

Following resuscitation from cardiac arrest of less than 5
minutes, recovery is rapid and complete. After prolonged
arrest, ROSC is impossible or only transient.
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• erythrocyte count decreases significantly
• renal function (blood urea nitrogen, serum creatinine, osmolarity, sodium, potassium, and calcium) remain normal

after a transient reduction in urine output with positive fluid balance, normalizing at 3 to 6 hours
• hepatic function is altered transiently; plasma ammonia and branched chain and aromatic amino acids increase,

with higher levels in the animals with poor outcome, suggesting an alteration of liver-detoxifying function
• bacteremia is a constant feature after cardiac arrest, with transient leukocytosis but without hyperthermia (90% were

constituents of the intestinal flora, suggesting postischemic bacterial translocation).
In summary, following resuscitation from cardiac arrest, multiorgan dysfunction occurs, but the abnormalities have
different time patterns (Fig. 47.1).
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Therefore, the postresuscitation syndrome only devel-
ops following resuscitation given during an intermediate
duration of ischemia (the limits of which are affected
by prearrest conditions) and depending on the cir-
cumstances of resuscitation, leading to the “reperfusion
paradox.”

The insult induced by cardiac arrest and CPR is multi-
faceted, encompassing several contributing factors occur-
ring during cardiac arrest, during CPR, and following
restoration of spontaneous circulation:1,6,7

• ischemia – anoxia occurring during the cardiac arrest
with no-flow

• hypoperfusion – hypoxia during the low-flow of external
cardiac compressions (inducing at best a cardiac output
of 25% baseline)

• reperfusion, which, although potentially permitting sur-
vival, adds to the ischemic-hypoxic–hypoperfusion
insult, inducing a variety of mechanisms that continue
to evolve subsequently, including reperfusion failure
and injury, altered coagulation, and activation of a sys-
temic inflammatory response.

Pathogenesis

Two major pathways have been identified
1. a direct insult to the brain, which is particularly sensi-

tive to ischemia; and to the heart, which may suffer
postresuscitation myocardial stunning leading in turn

to a secondary insult from postreperfusion impairment
of cardiac output and hypoperfusion.

2. postreperfusion activation of the systemic inflamma-
tory response syndrome, with hypoperfusion and/or
altered perfusion as one pathological mechanism;12 in
this pathway, the PRS shares many features with severe
sepsis, including elevation of plasma cytokines with
dysregulated cytokine production, endothelial injury,
complement activation, coagulation and fibrinolysis
abnormalities, endotoxemia, disturbed modulation of
the immune response, and adrenal dysfunction.

Organ function postresuscitation

The postresuscitation syndrome occurs in patients resus-
citated after cardiac arrest of more than 5 minutes’
duration and is characterized by different components:
neurologic functional impairment, cardiovascular func-
tional impairment – both well characterized – and
the extracerebral extracardiac functional impairment
comprising a complex picture of determinants and
interactions.

The three major components variously contribute to
the complex clinical picture of the patient resuscitated
from cardiac arrest and admitted to ICU. Rapidly occur-
ring early post-resuscitation changes create an acute
phase of instability during which specific and aggressive
treatments may favorably affect outcome. After the first
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24 hours the clinical picture stabilizes and treatment
becomes less specific, and is not different from that of a
comatose ICU patient.

For purposes of clarity, the three components are
described separately, with analysis of the relative contri-
bution of the two pathogenetic pathways, functional
derangement interactions, and contributions to outcome
and specific early treatments.

Neurologic function postresuscitation

The best defined component of the postresuscitation syn-
drome is neurologic functional impairment.

With the increased application of resuscitation interven-
tions, postcardiac arrest unconsciousness has become the
third most common cause of coma. Almost 80% of patients
who initially survive cardiac arrest remain comatose for
variable lengths of time, approximately 40% enter a persis-
tent vegetative state, while 10% to 30% of survivors achieve
a meaningful recovery.27

Cardiac arrest causes a global ischemic insult to the
brain. The extent of cerebral damage is a function of the
duration of interrrupted blood flow. Accordingly, minimiz-
ing both the arrest (no-flow) time and the cardiopul-
monary resuscitation (low-flow) time, is critical.

Even in selected patients with a witnessed cardiac arrest
after ventricular fibrillation and an estimated arrest to ALS
intervention interval no longer than 15 minutes, mortality
at 6 months was 55% and of the survivors, 61% had an
unfavorable neurological outcome.9 With reperfusion,
extracerebral factors may hamper neurological recovery,
requiring interventions aimed at mitigating secondary
postischemic anoxic encephalopathy.7

Pathophysiology
The mechanisms of cerebral damage following ischemia
and reperfusion have been studied in detail (for detailed
reviews see refs. 7,27).

Changes induced by ischemia set the stage for reoxy-
genation-induced, free radical-triggered injury cascades,
exacerbated by reduced cardiac output and local circu-
latory impairment that starts during cardiac arrest with
altered blood–brain barrier permeability and systemic
changes such as activation of complement, coagulation,
platelet aggregation, and adhesion of white blood cells.28

The pattern of prolonged global and multifocal cerebral
hypoperfusion is associated with variations of regional cere-
bral blood flow both in the cortex and in the basal ganglia29

with regional anoxic cerebral anaerobic metabolism.
Posthypoxic encephalopathy has been shown to be asso-

ciated with a marked decrease of cerebral metabolic activity

and of glucose uptake, even 24 hours after resuscitation.30

A significant activation of inflammatory mediators
(Interleukin 8, soluble elastin, and polymorphonuclear
elastase) immediately postinsult and lasting about 12
hours has recently been reported following both cardiac
arrest and isolated brain trauma, suggesting an inflamma-
tory response as a common pathogenetic pathway acti-
vated by cerebral damage.31

Clinical features and prognostic evaluation
A variety of methods have been proposed to monitor the
evolution of the depth of coma and its prognosis, including
neurological examination, electrophysiologic techniques,
and biochemical tests.

A recent meta-analysis, including nearly 2000 patients,
assessed the reliability of neurological examination, includ-
ing Glasgow Coma Scale (GCS) and brainstem reflexes,
reviewed at different time intervals after resuscitation; it
concluded that patients who lack pupillary and corneal
reflexes at 24 hours and have no motor response to pain at
72 hours have an extremely small chance of meaningful
recovery.

The most reliable signs of prognosis occur at 24 hours
after cardiac arrest: earlier assessment should not be based
on clinical evidence alone.32

A systematic review of 18 studies analyzed the predictive
ability of somatosensory evoked potentials (SSEP) acquired
early after the onset of coma (1–3 days) in 1136 adult
patients with hypoxic-ischemic encephalopathy: the results
showed that patients with absent cortical SSEP responses
have a less than 1% chance of regaining consciousness.33

A recent study tested the value of serial measurement of
serum neuron-specific enolase (NSE) at admission and
daily postinsult, in combination with GCS and SSEP meas-
urements, to predict neurological prognosis in uncon-
scious patients admitted to the ICU after resuscitation from
cardiac arrest. High serum NSE levels at 24 and 48 hours
after resuscitation predict a poor neurological outcome.
Addition of NSE to GCS and SSEP increases predictability.34

By 48–72 hours postresuscitation, predictability of unfa-
vorable long-term neurologic outcome may guide deci-
sions to curtail treatment, because only patients with
lighter levels of coma or who have regained consciousness
by this time have any realistic prospect of long-term
survival.32

Treatment
Research into cardiopulmonary cerebral resuscitation
has attempted to mitigate the postischemic–anoxic
encephalopathy but, until recently, experimental results
had never been replicated in patients.7
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Mild therapeutic hypothermia induced following reper-
fusion in patients who have been successfully resuscitated
from ventricular fibrillation cardiac arrest is the only postre-
suscitation intervention that has proved effective in increas-
ing the rate of favorable neurologic outcome in two different
randomized studies conducted in Europe and Australia9,10

and in reducing mortality in one of them.9 Clinical and
experimental results show a multifactorial neuroprotective
effect of hypothermia during and after ischemic situations
by influencing several damaging pathways.27

Thrombolytics, administered during arrest or early after
reperfusion, have been shown in animal experiments to
improve the microcirculation in the brain and may, by this
mechanism, contribute to the favorable neurological
outcome of patients as described in many case reports and
small case series with predominantly positive results.35 The
first properly designed, large, randomized, double-blind
multicenter study of thrombolytics was stopped before
completion of recruitment because the data safety moni-
toring board judged it unlikely that, in the population in
study, tenecteplase would demonstrate superiority over
placebo. These results, presented at a 2006 conference,
should be considered preliminary until a detailed analysis
is performed and published.36

Cardiovascular function postresuscitation

Following successful resuscitation from prolonged cardiac
arrest, a typical component of the postresuscitation syn-
drome is prolonged myocardial contractile failure, associ-
ated with life-threatening ventricular arrhythmias and
hemodynamic instability.37,38

Cardiac complications are stated to occur in 50% of
resuscitated patients, ranging from transient – but some-
times severe – impairment of myocardial function (occur-
ring early and normalizing several days later) to
permanent malfunction and fatal rearrest. The severe
impairment of myocardial function in the early hours fol-
lowing resuscitation accounts for 25% to 45% of early
postresuscitation deaths.23–25

The global nature of ischemic myocardial dysfunction38

and also its occurrence following resuscitation from respi-
ratory arrest39 or electroconvulsive treatment40 strongly
support its role during cardiac arrest and cardiopulmonary
resuscitation as the primary etiological determinant, as
opposed to the role of the primary cause of arrest which is
cardiac in 55%–65% of cases.41

The severity and duration of postresuscitation myocar-
dial impairment is a function of both duration of cardiac
arrest and subsequent resuscitation efforts,16–42 with a
contribution from adrenaline (epinephrine) used during

CPR,43,44 and the energy and waveform required for defib-
rillation.45,46 In humans, the dose of adrenaline used during
CPR has been reported to be the only variable indepen-
dently associated with postresuscitation myocardial
dysfunction.44

Pathophysiology
The mechanisms responsible for myocardial stunning after
global myocardial ischemia remain unclear, but several
hypothesis have been proposed. Among these are the
postreperfusion long-lasting depletion of the total adenine
nucleotide pool, the generation of oxygen-derived free rad-
icals, calcium overload, and uncoupling of excitation-con-
traction due to sarcoplasmic reticulum dysfunction.37,38

Recently, a correlation has been established between
levels of proinflammatory cytokines, synthesized and
released in response to the stress of global ischemia, and
the depression of myocardial function in the early postre-
suscitation period.47

Clinical features
In animal studies, postresuscitation myocardial dysfunc-
tion is characterized by increased filling pressures,
impaired contractile function, decreased cardiac index,
decrease in both systolic and diastolic right ventricular
function,16,38 starting at 2–6 hours and returning to normal
at 24 hours postresuscitation.

These findings were confirmed initially by anedoctal
observations of prolonged reversible myocardial dysfunc-
tion in human cardiac arrest survivors50,51 and, later, were
better defined in systematic studies in patients.44,52

The global nature of postresuscitation dysfunction has
been demonstrated with echocardiography and ventricu-
lography, which show a decrease in ejection fraction and in
fractional shortening.

Myocardial dysfunction in patients may improve at 24–48
hours postresuscitation with return to normal values; per-
sistently low cardiac index at 24 hours postresuscitation is
associated with early death by multiple organ failure.44 In the
same study, despite the significant improvement of cardiac
index at 24 hours, persisting vasodilatation was described,
delaying the discontinuation of vasoactive drugs.

In parallel with the failure of the heart to sustain normal
circulation, a condition of altered peripheral oxygen uti-
lization has been described.44 These two mechanisms
together account for the persistent anaerobic metabolism
characteristic of the early postresuscitation phase.

Relationship to neurological recovery and outcome
The cardiovascular impairment in the early postresuscita-
tion hours has been reported to correlate with impaired
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cerebral recovery from the ischemic insult of cardiac
arrest.16

Indirect evidence of the role of impaired perfusion
on cerebral recovery comes from the beneficial effect of
cardiopulmonary bypass in augmenting flow after cardiac
arrest.15

In cardiac arrest survivors, good functional neurological
recovery has been independently and positively associated
with arterial blood pressure during the first 2 hours post-
resuscitation, whereas hypotensive episodes correlate
with poor cerebral outcome.52 The latter finding could be
explained by the loss or impairment of cerebral autoregu-
lation in comatose patients resuscitated from cardiac
arrest, causing a reduction in cerebral blood flow if blood
pressure is low.54,55

The finding of a correlation between low cardiac index
and neurologic outcome, however, has not been confirmed
in a recent study in humans.44

Treatment
Successful treatment of myocardial dysfunction could
reduce or prevent the cardiac causes of death that are the
major determinants of early postresuscitation deaths.

Treatment with dobutamine has proved effective in sup-
porting output and pressure during the postresuscitation
phase prior to return to baseline function.56 A dobutamine
dose of 5 mcg/kg min has been shown to be better than a
dose of 2 or 7.5 mcg/kg min, and better than placebo or
aortic counterpulsation in sustaining cardiovascular per-
formance for 6 hours postresuscitation.56–58

The similarities in cardiovascular status between septic
and postresuscitation patients have suggested that in addi-
tion to the inotropic support with dobutamine the ‘early
goal-directed therapy’ that has proved effective in severe
sepsis should be included59 – namely normalization of
intravascular volume, of blood pressure by vasoactive
drugs, and of oxygen transport by red cell transfusion
during the first 6 hours postresuscitation.11,12 Data on its
effectiveness in cardiac arrest patients are not yet available.

Extracerebral extracardiac function postresuscitation

The extracerebral extracardiac function derangements,
accounting for one-third of deaths,23–25 represent the less
specific component of the postresuscitation syndrome.11,12

In patients surviving the early postresuscitation phase,
cardiovascular function improves, neurologic function
may show gradual improvement or remain severely com-
promised, but conditions facilitating the development
of sepsis are created, leading ultimately to multiorgan
dysfunction.

Systemic findings and pathogenesis
The direct effect of cardiac arrest, besides its role in neu-
ronal injury and myocardial dysfunction, is also involved
in the genesis of coagulation disturbances,60 endothelial
injury,60,61 and in triggering the cascades of inflammatory
responses.7,63

A variety of changes and findings, which still need to be
clearly classified and systematized, have been described
following resuscitation from cardiac arrest:
• a considerable increase in various acute phase response

proteins64

• a sharp rise in plasma cytokines and soluble receptors
within the blood compartment as early as 3 hours
postarrest31,46,65–69

• endothelial injury and release of intracellular adhesion
molecules

• marked activation of complement, polymorphonuclear
(PMN) leukocytes, and an increased PMN-endothelial
interaction61–64

• marked activation of blood coagulation and fibrinolysis60

• leukocyte dysregulation11,12

• evidence of the presence of endotoxin in plasma
The complex interaction of endothelial injury, inflammatory
and procoagulant host responses, intravascular fibrin
formation, and microvascular thrombosis contribute
to reperfusion defects,7,60,64 which augment systemic hypop-
erfusion induced by cardiovascular dysfunction to trigger
a secondary insult of persisting anerobic metabolism.

The altered systemic oxygen utilization, together with
circulating endotoxin and immune hyporeactivity, may
facilitate development of infection.11,12

Extracerebral and extracardiac organs, however, can tol-
erate periods of ischemia much longer than those gener-
ally occurring in cardiac arrest and resuscitation: thus, the
impairment of function in these organs appears to be the
combined result of the mechanisms triggered by ischemia
but compounded by reperfusion.

Derangements of organ function

Clotting and fibrinolytic function
Starting during cardiopulmonary resuscitation, marked
activation of coagulation has been demonstrated, without
adequate concomitant activation of endogenous fibrino-
lysis,60,70 suggesting that intravascular fibrin formation
and microvascular thrombosis after cardiac arrest
may contribute to organ dysfunction, including neurolo-
gical impairment. With restoration of spontaneous
circulation and reperfusion, coagulation activity (throm-
bin-antithrombin complex) increases, anticoagulation
(antithrombin, protein C, and protein S) decreases, and
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fibrinolysis (plasmin–antiplasmin complex) is activated or
in some cases inhibited (increased plasminogen activator
inhibitor-1 with a peak on day 1). These abnormalities are
more severe in patients dying within 2 days and most
severe in patients dying from early refractory shock.
Protein C and S levels are low compared with those in
healthy volunteers and discriminated OHCA survivors
from non-survivors.66

Marked activation of complement, polymorphonuclear
leukocytes, and an increased PMN-endothelieal interac-
tion have been clearly demonstrated during cardiopul-
monary resuscitation and early reperfusion after cardiac
arrest in humans.62

Adrenal function
Serum cortisol levels have been reported consistently to be
high in all patients resuscitated from cardiac arrest for up
to 36 hours postresuscitation,74–76 with lower levels in non-
survivors,74 particularly in those who died of early refrac-
tory shock.76

Relative adrenal insufficiency as assessed by corti-
cotropin tests was observed in 42% of patients but showed
no association with arrest duration variables or with
outcome.76

Renal function
Renal dysfunction,77 was recently confirmed in patients
presenting with hemodynamic instability and was charac-
terized by significant increases in plasma creatinine and by
a decrease in the International Normalized Ratio.44

Intestinal function
Following cardiac arrest and reperfusion, severe intestinal
ischemia occurs, showing a pattern of metabolic extracel-
lular changes similar to those recorded in the brain.78 It is
associated with early intestinal dysfunction and/or endo-
scopic lesions identified in 60% of patients.79

A role for ischemia-reperfusion-mediated increase in
intestinal permeability has been proposed as predisposing
the patient to the sepsis syndrome.

Endotoxin and infection
The finding of plasma endotoxin detected in 46% of
patients 1–2 days after resuscitation (although with no
relation to outcome), and of endotoxin-dependent
hyporeactivity of patients’ leukocytes, with high levels
of circulating cytokines and dysregulated production
of plasma cytokines, delineates an immunological pattern
similar to the profile characterizing patients with sepsis.
Half of endotoxin-positive patients have been found
to develop secondarily acquired bacterial infection

3–4 days postresuscitation (mostly pulmonary, occasion-
ally bacteremia).11,12

The finding of bacteremia, generally associated with
pathogens of intestinal origin, occurring in 39% of patients
within the first 24 hours of admission postresuscitation
associated with increased mortality,80 was not confirmed
in a subsequent study in which bacteremia was encoun-
tered only sporadically.12

The incidence of pneumonia in patients admitted to the
ICU following cardiac arrest has been reported to vary from
24% to 45% of patients.9,81

In a systematic study,82 newly acquired infection devel-
oped in 46% of patients resuscitated from cardiac arrest
and admitted to the ICU, the most common being pneu-
monia (65% of infections). Compared with cardiac arrest
survivors without infection, patients with infection had
longer mechanical ventilation and ICU length of stay, but
mortality was similar.

A possible role for procalcitonin has been proposed for
the early identification of post-resuscitation patients with
an acute phase response and bacterial complications: it
was the only marker higher in patients with ventilator-
acquired pneumonia.83

Hyperthermia not associated with positive blood cul-
tures has been reported frequently during the first 24 hours
following CPR, suggesting that mechanisms other than
infection may contribute to the development of fever in
cardiac arrest survivors.82,84

Correlation with outcome
The peak level and the time of occurrence of many of the
above-mentioned mediators of the inflammatory res-
ponse have been reported to correlate with outcome (dif-
ferently defined as: early death, early death from cardiac
causes, death at 1 month, and others) in different case
series from single centers and without precise standard-
ization of resuscitation procedures and postresuscitation
treatments.61–72

The data now available suggest the opportunity for a
reassessment and systematic analysis of the interactions
involving various cascades and of their role in determining
outcome in a well-designed multicenter study adopting a
standardized treatment and evaluation protocol.

The better characterization of PRS in its early phase is
confirmed by the high predictive value of cerebral impair-
ment, the severity of which can be quantified, allowing a
reliable prognostication of outcome.47,52

In the later phase of PRS, when secondary multiple
organ derangement syndrome (MODS) becomes appar-
ent, the existing limitations of prognostic evaluation based
on severity scoring systems85 inherent to MODS are further
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complicated by the persisting postischemic impairment of
cerebral function.

Treatment

Similar to the treatment of patients with impaired cardio-
vascular function, in PRS patients showing extracerebral
and extracadiac impairment, the standard treatment
encompasses mild hypothermia induced after reperfusion
from cardiac arrest to improve neurological outcome9,10

and dobutamine to sustain transient myocardial dysfunc-
tion.56–58 Mild hypothermia has been hypothesized to
interfere with the inflammatory cascades of cardiac arrest
in its effect on survival.

One interesting trial studied the effect of isovolumic
high-volume hemofiltration (HF) (200 ml/kg/h over 8
hours) with and without hypothermia, in an attempt to
remove circulating molecules believed to be responsible
for ischemia-reperfusion injury.86 Compared with controls,
the high-volume hemofiltration with and without hypo-
thermia decreased the relative risk of death from
intractable shock and improved survival. Nonetheless, def-
inite conclusions must await larger randomized clinical
trials testing the combination of HF with hypothermia in a
larger cohort of cardiac arrest survivors.

The relevance of the quality of in-hospital treatment and
its impact on overall outcome after resuscitation from
cardiac arrest has been confirmed in two studies showing
that factors associated with better outcome encompassed:
the condition of patients prearrest (age under median 71
years old and better overall performance category prear-
rest); prehospital care (shorter time from emergency call to
CPR initiation and no use of adrenaline); and in-hospital
care (no seizure activity, temperature under 37.8 �C
(median), S-glucose under 10.6 mmol/l 24 hours after
admission (median), and BE over�3.5 mmol/l 12 hours
(median) after admission).87,88

Summary

Widespread implementation of adequate system respon-
ses and application of resuscitation techniques to reverse
clinical death increase both the rate of optimal recovery
and, by raising the number of patients with restored spon-
taneous circulation, the occurrence of PRS.

Reduction of the duration of ischemia is the most
obvious intervention to prevent development of PRS; nev-
ertheless, strengthening the “chain of survival,” may also
restore spontaneous circulation in patients who otherwise
would not have been revived and are at high risk for the
development of this complex condition.

During the first 24 hours postresuscitation, the PRS is
well characterized and requires aggressive treatment,
aimed at reducing the progression of cerebral injury and
the effects of the secondary insult determined by
impaired cardiovascular performance. Besides standard
intensive care support of impaired function, the gold
standard includes mild hypothermia maintained for at
least 12 hours and optimization of perfusion and oxygen
delivery.

After the first 24 hours postresuscitation, the clinical
picture is not different from that of a comatose intensive
care patient. The role of the quality of treatment adminis-
tered in this phase has been shown and includes brain-
oriented care (prevention of hyperthermia and seizures,
optimization of perfusion, glucose and metabolic control),
and standard intensive care oriented to prevention of
infection and support of impaired organ function.

It is of paramount importance to optimize postresusci-
tation treatment in the first 2–3 days after the arrest, until
reliable prognostic instruments permit the prediction of
an unfavorable neurologic outcome, in order to exclude
self-fulfilling prophecies and provide sound information
to families, but also to plan the continuation of appropri-
ate treatment strategies.

Promising prognostic markers of the acute phase
response and treatment strategies, aimed at improving dis-
turbances in microcirculation and reducing the impact of
the specific inflammatory response, deserve further evalu-
ation in systematic, well-controlled studies.
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Introduction

It is estimated that between 400 000 and 460 000 individu-
als suffer an episode of sudden cardiac arrest every year in
the United States.1 Yet, the percentage of individuals who
are successfully resuscitated and leave the hospital alive
with intact neurological function averages less than 10%
nationwide.2–4 Efforts to restore life successfully are formid-
ably challenging. They require not only that cardiac activity
be initially restored but that injury to vital organs be pre-
vented or minimized. A closer examination of resuscitation
statistics reveals that efficient Emergency Medical Services
systems are able to re-establish cardiac activity in 30% to
40% of sudden cardiac arrest victims at the scene.5–7 Yet,
close to 40% die before admission to a hospital presumably
from recurrent cardiac arrest or complications during
transport.8 Of those admitted to the hospital nearly 60%
succumb before discharge, such that only one in four ini-
tially resuscitated victims leaves the hospital alive.

Although the causes of postresuscitation deaths have
not been systematically investigated, the available infor-
mation suggests that postresuscitation myocardial dys-
function, hypoxic brain damage, systemic inflammatory
responses, intercurrent illnesses, or a combination thereof
are the main culprits.8–10 The core pathogenic process
driving such poor outcome is the intense ischemia of vari-
able duration that organs suffer after cessation of blood
flow and the subsequent reperfusion injury that accompa-
nies the resuscitation effort. In addition, the precipitating
event of cardiac arrest may also play a role in the post-
resuscitation phase.

This chapter focuses on the effects of cardiac arrest and
resuscitation on the myocardium, mindful that many other

organs are concomitantly affected by similar mechanisms
of cell injury. The chapter is organized to describe: (1) the
functional myocardial abnormalities that occur during and
after resuscitation from cardiac arrest; (2) the underlying
cellular mechanisms of such injury; (3) factors that may
contribute to myocardial injury; (4) therapies that have
been shown in the laboratory to prevent or ameliorate
myocardial injury; and (5) the management of postresusci-
tation myocardial dysfunction. As the chapter develops the
reader will learn that postresuscitation myocardial dys-
function is largely a reversible phenomenon such that
support of the failing heart during the critical postresusci-
tation interval is fully justified.

Functional myocardial manifestations

The working heart is a highly metabolically active organ
that consumes close to 10% of the total body oxygen con-
sumption and extracts nearly 70% of the oxygen supplied
by the coronary circuit. Nevertheless, it has minimal capa-
bility for extracting additional oxygen such that increased
metabolic demands are met through coronary vasodilata-
tion with augmentation of blood flow and oxygen deliv-
ery.11,12 Consequently, a severe energy imbalance develops
immediately after cardiac arrest supervenes and coronary
blood flow ceases. The severity of the energy deficit is con-
tingent on the metabolic requirements and is particularly
high in the setting of ventricular fibrillation (VF) when the
oxygen requirements are comparable to or exceed that of
the normally beating heart.13,14 A lesser energy deficit is
anticipated when cardiac arrest occurs in a quiescent or
minimally active heart (i.e., asystole or pulseless electrical

829

Cardiac Arrest: The Science and Practice of Resuscitation Medicine. 2nd edn., ed. Norman Paradis, Henry Halperin, Karl Kern, Volker Wenzel, Douglas

Chamberlain. Published by Cambridge University Press. © Cambridge University Press, 2007.

48

Prevention and therapy of postresuscitation 
myocardial dysfunction

Raúl J. Gazmuri1, Max Harry Weil2, Karl B. Kern3, Wanchun Tang4, 
Iyad M. Ayoub5, Julieta Kolarova6, Jeejabai Radhakrishnan7

1 North Chicago VA Medical Center, IL, USA, 2 Rancho Springs, CA, 3 Tucson, AZ, 4 Palm Springs, CA, 5 North Chicago, IL, 6 North Chicago, IL, 7 North Chicago, IL



activity as a result of asphyxia or exsanguination).15

Because most experimental studies have examined the
myocardial manifestations of cardiac arrest and resuscita-
tion in animal models of VF, caution should be exercised
when extrapolating these findings to cardiac arrest settings
precipitated by mechanisms other than VF.

With cessation of coronary blood flow and oxygen avail-
ability, the mitochondrial capability for regenerating ATP
through oxidative phosphorylation stops, prompting
anaerobic regeneration of limited amounts of ATP at the
substrate level from breakdown of creatine phosphate and
oxidation of pyruvate to lactate.16–18 Hence, there is rapid
depletion of creatine phosphate, marked elevation in
lactate, and a relatively slow depletion of ATP.17 In one
recent study in a rat model of VF, 10 minutes of untreated VF
were accompanied by decreases in myocardial creatine
phosphate and ATP to levels 7% and 19% of baseline,
respectively, whereas the lactate content increased by more
than 50-fold.19 Coincident with the energy deficit, accu-
mulation of CO2 and H� account for profound myocardial
acidosis.18,20

When conventional closed-chest resuscitation is used,
the coronary blood flow generated rarely exceeds 20% of
the normal flow,21 thus failing to reverse myocardial
ischemia. In addition, reperfusion of ischemic myocardium
activates multiple pathogenic mechanisms, leading to what
is known as reperfusion injury. Accordingly, resuscitation
typically proceeds during and in spite of severe myocardial
ischemia and in the midst of reperfusion injury com-
pounded by specific interventions, such as electrical
shocks and adrenergic vasopressor agents, that can also
contribute to myocardial injury. As a result, various func-
tional myocardial abnormalities develop that may them-
selves compromise resuscitability and survival. These
myocardial abnormalities represent a continuum along the
injury process that can be grouped into those that manifest
during the resuscitation effort and those that manifest after
the return of spontaneous circulation. The former include
ischemic contracture and increased resistance to electrical
defibrillation; the latter include reperfusion arrhythmias
and myocardial dysfunction.

Ischemic contracture

Ischemic contracture refers to progressive left ventricular
wall thickening with parallel reductions in cavity size con-
sequent to myocardial ischemia. Ischemic contracture
was first reported in the early 1970s during open heart
surgery when operations were conducted under nor-
mothermic conditions and in the fibrillating heart to
render a bloodless surgical field.22,23 The onset of ischemic

contracture in this setting was associated with reductions
in myocardial ATP levels to�10% of normal.24 An extreme
manifestation of ischemic contracture is the so-called
“stony heart” and typically heralds irreversible ischemic
injury.

More recent studies in animal models of VF and closed
chest resuscitation have demonstrated a phenomenon
akin to ischemic contracture, but of earlier onset and asso-
ciated with less ATP depletion.25,26 This form of ischemic
contracture is likely to represent a manifestation of reper-
fusion injury27 such that withholding chest compression
(and hence coronary blood flow) markedly delays the
onset of contracture.28,29 The resulting left ventricular
thickening with reductions in cavity size compromises
ventricular preload and the amount of blood that can be
ejected by chest compression.14,27,30 Thus, ischemic con-
tracture may partly explain the characteristic time-
dependent reductions in the hemodynamic efficacy of
chest compression.31 Moreover, recent studies in a porcine
model of VF demonstrate that the severity of ischemic con-
tracture is proportional to the preceding interval of
untreated VF.26 In humans, ischemic contracture has been
described as myocardial “firmness” during open-chest
resuscitation after failure of closed-chest attempts and
found also to compromise resuscitability.32 Studies in the
research laboratory have shown that ischemic contracture
can be attenuated by pharmacologic interventions target-
ing reperfusion injury, resulting in hemodynamically more
stable closed-chest resuscitation.27,33 The possibility that
ischemic contracture might increase coronary vascular
resistance by extrinsic compression of the coronary
circuit14,34 has not been substantiated.33,35

Resistance to defibrillation

Electrical shocks delivered immediately after onset of VF
are consistently effective in re-establishing cardiac activ-
ity. Even short delays (i.e., up to 3 minutes) may not be
substantially detrimental and result in more than 50%
likelihood of successful resuscitation.36 Longer intervals of
untreated VF�as usually occurs in out-of-hospital set-
tings�predict decreased effectiveness of defibrillation
attempts, however, in which electrical shocks may fail to
reverse VF or may precipitate asystole or pulseless electri-
cal activity.37 Under these conditions, additional resuscita-
tion interventions are required to restore myocardial
conditions favorable for successful defibrillation. New
approaches are being developed to optimize the effective-
ness of electrical defibrillation by identifying the proper
timing for shock delivery and by using safer and more
effective defibrillation waveforms.38,39
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Reperfusion arrhythmias

Electrical instability manifested by premature ventricular
complexes and episodes of ventricular tachycardia and VF
commonly occurs during the early minutes after return of
cardiac activity. Episodes of VF have been reported to occur
in up to 79% of patients, with the number of episodes
inversely correlated with ultimate survival.40 The mech-
anism responsible for postresuscitation arrhythmias is
complex and probably involves prominent cytosolic Ca2�

overload with afterdepolarizations triggering ventricular
ectopic activity.41 In addition, there are repolarization
abnormalities that include shortening of the action poten-
tial (AP) duration, decreased AP amplitude, and develop-
ment of AP duration alternans creating conditions for
re-entry.42 Experimentally, these repolarization abnormal-
ities are short-lived (5 to 10 minutes) and coincide with the
interval of increased propensity for ventricular arrhyth-
mias and recurrent VF.27 They are in part related to opening
of sarcolemmal K�

ATP channels;43 however, recent evidence
suggests that activation of the sarcolemmal Na�-H�

exchanger isoform-1 (NHE-1) may also play a role.44

Postresuscitation myocardial dysfunction

Variable degrees of left ventricular systolic and diastolic
dysfunction develop after resuscitation from cardiac
arrest, despite full restoration of coronary blood flow. Left
ventricular dysfunction is largely reversible, conforming to
the definition of myocardial stunning.45–48

Systolic dysfunction has been documented by using
load-independent indices of contractility, which demon-
strates decreases in the slope of the end-systolic pressure-
volume relationship (elastance) and increases in the
volume intercept at a left ventricular pressure of 100 mm
Hg (V100).46 Impaired contractility leads to reductions in
indices of global ventricular performance, such as cardiac
index, ejection fraction, and left ventricular stroke
work,8,47,49 and renders the heart susceptible to afterload
increases during the postresuscitation phase. In a pig
model of VF and closed chest resuscitation, the adminis-
tration of vasopressin during cardiac resuscitation was
associated with decreased left ventricular performance,
with reversal by administration of a specific antagonist of
the V1 receptor.50

Diastolic dysfunction is characterized by left ventricular
wall thickening with reductions in end-diastolic volume
and impaired relaxation,27 and appears to be maximal
immediately after restoration of spontaneous circulation.
The magnitude of diastolic dysfunction correlates closely
with the magnitude of ischemic contracture,51 suggesting a

common pathogenic thread with diastolic dysfunction
being a manifestation of resolving ischemic contracture.
From a functional perspective, diastolic dysfunction may
limit the compensatory ventricular dilatation required to
overcome decreased contractility according to the Frank-
Starling mechanism.

Postresuscitation myocardial dysfunction was first docu-
mented in humans by Deantonio and colleagues.45 They
reported on three female patients who were successfully
resuscitated following transthoracic defibrillation after
approximately 3, 10, and 30 minutes of cardiac arrest and
who developed prominent left ventricular dilatation with
reduction in fractional shortening within 3 days postresus-
citation. None of these patients had coronary artery disease
and ventricular function normalized within 2 weeks.
Likewise, Ruiz-Bailen and coworkers reported severe postre-
suscitation myocardial dysfunction with reductions in left
ventricular ejection fraction to 0.42 in 29 patients within the
initial 24 hours postresuscitation.52 In a subset of 20 patients
who had left ventricular dysfunction, the ejection fraction
decreased to 0.28 (P�0.05). Patients who died had a signifi-
cantly lower ejection fraction. Patients who survived gradu-
ally normalized their ejection fraction within an interval of
approximately 4 weeks postresuscitation (Fig. 48.1).

Laurent and colleagues stratified 165 patients success-
fully resuscitated from out-of-hospital cardiac arrest based
on whether hemodynamic instability was present within
the initial 72 hours postresuscitation.8 Hemodynamic
instability was defined as hypotension requiring vasoac-
tive drugs after fluid resuscitation. It occurred in 55% of the
patients and was associated with longer resuscitation
times, greater number of electrical shocks, larger amounts
of adrenaline, and worse left ventricular function (Table
48.1). The incidence and severity of coronary artery disease
was comparable between groups; however, a trend was
noted towards a higher incidence of recent coronary occlu-
sion in patients with hemodynamic instability. Myocardial
dysfunction was initially accompanied by a low cardiac
index (2.05 l/min per m2) with elevated systemic vascular
resistance (2908 dynes s/cm5 per m2). However, a hyperdy-
namic state developed during the ensuing 72 hours, char-
acterized by increased cardiac index, decreased systemic
vascular resistance, and the need for large amounts of
fluids to maintain adequate filling pressures (Fig. 48.2).

The late hyperdynamic state reported by Laurent and
coworkers is consistent with the development of a systemic
inflammatory response akin to that observed during sepsis
butprecipitatedbycardiacarrestandresuscitation.53–55 Adrie
and colleagues measured circulating cytokines in 61 victims
ofout-of-hospitalcardiacarrestwhoweresuccessfullyresus-
citated.55 Measurements obtained at approximately 3 hours
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postresuscitation demonstrated prominent increases in
plasma levels of tumor necrosis factor (TNF)-�, interleukin
(IL)-6, IL-8, IL-10, soluble TNF receptor type II (sTNFII), IL-1
receptor antagonist (IL-1ra), and regulated on activation,
normal T-cell expressed and secreted (RANTES). In a subset
of 35 patients, increased endotoxin levels were detected in
46% within the initial 48 hours postresuscitation.

Underlying cell mechanisms: role of mitochondria

The underlying mechanism of cell injury is complex and
probably time-sensitive. There are processes that develop
shortly after onset ischemia and during reperfusion that
lead to abnormalities in energy metabolism, acid base
status, and intracellular ion homeostasis. Other processes
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Table 48.1. Factors associated with postresuscitation hemodynamic instability

Hemodynamic stability Hemodynamic 

(n�75) instability (n�73) P

Resuscitation data

Collapse to ROSC, min 15 (7–30) 25 (14–28) � 0.01

Countershocks, n 2 (1–3) 3 (1–6) � 0.01

Total epinephrine, mg 2 (0–10) 10 (3–15) � 0.01

Angiography/ventriculography data

Heart rate, beats/min 85 (48–118) 105 (75–143) � 0.05

LVEF 0.43 (0.35–0.50) 0.32 (0.25–0.40) � 0.01

LVEDP, mmHg 12 (5–25) 19 (10–32) � 0.01

Recent coronary occlusion, % 37 51 0.06

ROSC�Return of spontaneous circulation; LVEF�Left ventricular ejection fraction; LVEDP�Left ventricular end diastolic pressure.

Median (interquartile range). (Adapted from ref. 8.)



develop at a slower pace and encompass signaling mecha-
nisms, leading to sustained disruption of energy production
and contractile function with activation of apoptotic path-
ways. Discussion on the various cell mechanisms responsi-
ble for cell injury is beyond the scope of this chapter.
Nonetheless, pertinent to our discussion is the growing evi-
dence placing the mitochondria at the center of myocardial
preservation, reperfusion injury, and postischemic dysfunc-
tion. Better understanding of mitochondrial injury may also
serve to identify novel therapeutic strategies.56–66

Energy production

The mitochondria are organelles present in all eukaryotic
cells that play an essential role in aerobic metabolism and
generation of ATP. Mitochondria have an inner membrane
that is highly impermeable and folds inwardly into the
mitochondrial matrix, forming multiple cristae where pro-
teins responsible for oxidative phosphorylation reside. The
outer mitochondrial membrane is more porous and sur-
rounds the inner mitochondrial membrane. Generation of
energy in the form of ATP results from oxidation of NADH
in the electron transport chain. This chain is composed of
protein complexes assembled along the inner mitochon-
drial membrane where electrons are transferred down
their redox potential while H� are pumped into the inter-
membrane space. The accumulation of H� establishes an
electromotive force, which is used by FoF1 ATP synthase to
form ATP from ADP and inorganic phosphate. ATP is then
exported into the cytosol in exchange for ADP by the
adenine nucleotide translocase (Fig. 48.3).

Disruption of the inner membrane permeability leads to
reduction of the H� gradient, compromising the electro-
motive force required for ATP synthesis. Factors that may
contribute to such injury during ischemia and reperfusion
include mitochondrial Ca2� overload and generation of
reactive oxygen species (ROS) explaining decreased mito-
chondrial capability for regeneration of ATP.

Apoptotic signaling

In addition to the key role on energy production, mitochon-
dria can also signal cell death by activation of the intrinsic
apoptotic pathway through release of cytochrome c.
Cytochrome c is a 14-kDa hemoprotein normally present in
the intermembrane mitochondrial space that plays a key role
by transferring electrons from complex III to complex IV (Fig.
48.3). Cytochrome c can be released to the cytosol, prompt-
ing the formation of an oligomeric complex with dATP and
the apoptotic protease activating factor-1 (Apaf-1).57 This
complex recruits procaspase-9, forming the so-called apop-

tosome. In the apoptosome, procaspase-9 is activated and
then released as caspase-9, which in turn, activates the exe-
cutioner caspases 3, 6, and 7.67,68Active executioner caspases
cleave several cytoplasmic proteins, including �-spectrin
and actin, and nuclear proteins including poly (ADP-ribose)
polymerase (PARP), lamin A, and the inhibitor of caspase-
activated DNase (ICAD). Cleavage of ICAD leads to activation
of caspase activated DNase (CAD), which in turn cleaves
chromatin into 180 to 200 bp fragments. Other substrates
activated during apoptosis include components of DNA
repair machinery and a number of protein kinases,67 ulti-
mately culminating in cell death.

Various mechanisms have been proposed to explain
cytochrome c release. One mechanism involves opening of
a high-conductance mega channel formed by apposition
of transmembrane proteins from the inner and the outer
mitochondrial membrane known as the mitochondrial
permeability transition pore (MPTP).59 Opening of the
pore allows molecules up to 1.5 kDa to enter the mito-
chondrial matrix along with water and solutes, leading to
mitochondrial swelling with stretching and disruption of
the outer mitochondrial membrane, ultimately causing
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release of cytochrome c.59 Pathophysiological conditions
responsible for opening of the MPTP include Ca2� over-
load, production of reactive oxygen species (ROS), deple-
tion of ATP and ADP, increases in inorganic phosphate, and
acidosis.59 Cytochrome c can also be released without
MPTP opening through formation of pores in the outer
mitochondrial membrane. This is best explained by perm-
eabilization of the outer membrane by pro-apoptotic pro-
teins such as Bcl-2–associated X protein (Bax), Bcl-2
homologous antagonist killer (Bak), or truncated BH3
interacting domain death agonist (Bid).69 Anti-apoptotic
proteins such as Bcl-2, Bcl-x, and Bcl-w, however, may play
important roles by counterbalancing the aforementioned
pro-apoptotic effects.70

Mitochondrial Ca2�

Mitochondrial Ca2� overload plays a critical role during
ischemia and reperfusion. Ca2� normally enters the mito-
chondria through a Ca2� uniporter and leaves through a

Na�-Ca2� exchanger located in the inner mitochondrial
membrane. This transport mechanism enables changes in
cytosolic Ca2� to be relayed to the mitochondrial matrix
and thus regulate the activity of various enzymes of the tri-
carboxylic acid cycle. Increases in cytosolic Ca2� during
ischemia prompt mitochondrial Ca2� increases leading to
production of reactive oxygen species (ROS). ROS cause
peroxidation of cardiolipin, which is the principal lipid
constituent of the inner mitochondrial membrane and to
which a fraction of cytochrome c is bound. Peroxidation
decreases the binding affinity of cardiolipin for cyto-
chrome c,71 facilitating its release out of the mitochondria.
Modest increases in extramitochondrial Ca2� (i.e., 2 	M)
cause cytochrome c release without MPTP opening. At
higher Ca2� levels (i.e., 20 	M), ROS and Ca2� acting
together prompt MPTP opening, presumably through
oxidative injury of the adenine nucleotide translocase.
Both mechanisms of cytochrome c release can be pre-
vented by blocking the mitochondrial Ca2� uniporter with
ruthenium red.72
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Link to myocardial dysfunction

Mounting evidence suggests that acute modifications of
regulatory proteins of the contractile apparatus occur
through cleavage of specific components73,74 following
intracellular Ca2� increase and activation of proteases
such as calpain-1 and caspase-3.75–78 Communal and col-
leagues reported that activated caspase-3 cleaves �-actin
and �-actinin but not myosin heavy chain, myosin light
chain 1/2, and tropomyosin.77 Incubation of recombinant
troponin (Tn) complex with caspase-3 selectively cleaved
cardiac TnT, resulting in 25-kDa fragments. Functionally,
activated caspase-3 decreases maximal Ca2�-activated
force and myofibrillar ATPase activity, suggesting that
activation of apoptotic pathways may lead to contractile
dysfunction. Radhakrishnan and coworkers recently
demonstrated activation of caspase-3 in left ventricular
homogenates of rat hearts harvested at 4 hours postresus-
citation coincident with left ventricular dysfunction.79 In
models of VF and coronary occlusion, Ca2� overload was
associated with decreases in the Ca2�-force relationship
presumably following modifications in the interaction
between proteins of the troponin complex.80,81 Zaugg and
coworkers specifically demonstrated, in a model of pro-
longed untreated VF, prominent cytosolic Ca2� increases
leading to reduced Ca2� sensitivity of troponin, TnC and
impaired contractility.82 Similarly, Barta and coworkers
demonstrated cleavage of TnI and TnT following activation
of calpain-1.78 In addition, these proteases have also been
shown to cleave structural proteins such as titin, �-actinin,
�-fodrin, and desmin.83–85

Various novel pharmacological interventions that have
been investigated in the setting of cardiac arrest (and are
discussed below) seem to protect the myocardium by
limiting mitochondrial Ca2� overload. Postresuscitation
myocardial dysfunction, as pointed out earlier, is largely a
reversible phenomenon. It is less clear, however, whether
dysfunction and cell death represent part of a continuum
manifesting varying degrees of severity. Much work
remains before we can fully elucidate the process of
ischemic injury and postischemic dysfunction. Meanwhile,
understanding the mechanisms that affect mitochondrial
function and its signaling of apoptosis may provide an
opportunity for developing new resuscitation therapies.

Factors contributing to myocardial injury

Factors that contribute to myocardial injury during cardiac
resuscitation include the duration of cardiac arrest, the
delivery of electrical shocks, and the use of adrenergic

vasopressor agents. Efforts to shorten the duration of the
cardiac arrest by prompt recognition and rapid interven-
tion are thus important to minimize injury. Likewise, deliv-
ery of quality cardiopulmonary resuscitation (CPR) may
help reduce the duration of tissue ischemia by prompting
earlier return of spontaneous circulation. Quality CPR may
be attained by paying close attention to the rate, depth,
and site of compression, minimizing the interruptions
required to secure the airway, verify rhythm, and deliver
shocks. In addition, adequate venous return is essential for
hemodynamically effective chest compression, which can
be secured by allowing full re-expansion of the chest cavity,
avoiding hyperventilation, and creating an intrathoracic
vacuum between compressions by using impedance
threshold devices.86 The following sections address the
potential detrimental effects of electrical shocks and
adrenergic vasopressor agents along with options to mini-
mize such injury.

Electrical defibrillation

Delivery of electrical shocks during the resuscitation effort
may contribute to myocardial injury and worsen postre-
suscitation electrical and mechanical dysfunction.87–89

Manifestations of such injury include increased postresus-
citation ectopic activity, atrioventricular block, and wors-
ened postresuscitation myocardial dysfunction.90 Key
factors that determine injury include the energy level,
number of shocks, and defibrillation waveforms.

Energy level
The presence and severity of myocardial injury is influ-
enced by the amount of energy delivered to the
myocardium. In an isolated perfused rabbit heart, Koning
and coworkers reported minimal injury after epicardial
shocks of 0.6 joule/cm2. Nevertheless, as the energy was
increased to up to 4.2 joule/cm2 additional and more
severe injury developed, including impaired systolic func-
tion, myocardial stiffness, release of creatine kinase, and
cell necrosis.91 Similarly, Doherty and coworkers found
that significant myocardial injury, as evidenced by creatine
kinase release, increased technetium-99m pyrophosphate
uptake, and decreased thallium-201 and indium-113m
uptake, developed only when the energy of shocks deliv-
ered directly to beating canine hearts (15- to 26-kg dogs)
exceeded 20 joules.92 The injury was characterized by
dehiscence of intercalated disks between damaged
myocytes. Kerber and coworkers, also in dogs, reported
contractile abnormalities only when the energy of epicar-
dial shocks was 40 Joules or more in 17- to 45-kg dogs.93 In
the cardiac arrest setting, Xie and coworkers using an intact
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rat model of VF reported that postresuscitation myocardial
dysfunction worsened in close relationship to stepwise
increases in the energy used for external defibrillation
from 2, to 10, and to 20 Joules.89 It is important to realize,
however, that the energy required to reverse VF is typically
below the threshold at which significant myocardial cell
injury occurs.94

The mechanisms of cell injury following electrical
shocks relate in part to increased cytosolic Ca2�. In single-
isolated, cultured chick-embryo heart cells, exposure to
defibrillator-type electrical shocks causes reversible depo-
larization followed by intensity-independent Ca2� entry,
attributed to opening of normal excitation channels,
and intensity-dependent Ca2� entry attributed to cell
damage.95 Further evidence that Ca2� may play a role
stems from observations in dogs in which prior adminis-
tration of the Ca2� channel blocker verapamil�but not the
beta-blocker propranolol�attenuates the myocardial
injury caused by transthoracic countershocks.96

Number of shocks
Multiple shocks are often required to terminate VF. Yet,
repetitive electrical shocks may cause myocardial injury
beyond that which is caused by individual shocks.88,90,92,97

Injury may manifest by worsened diastolic dysfunction
postresuscitation, despite no adverse effects on postresus-
citation systolic function.98 Thus, efforts to limit the
number of electrical shocks are warranted. Until recently,
delivery of electrical shocks immediately upon recognition
of VF was regarded as an essential component of the chain
of survival. Observations in a dog model of VF by Niemann
and coworkers99 and studies in victims of out-of-hospital
sudden cardiac arrest by Cobb and coworkers100 and by Wik
and coworkers,101 however, have challenged such an
approach, suggesting that a period of chest compression
before attempting defibrillation under conditions of pro-
longed untreated VF may improve the myocardial respon-
siveness to electrical shocks. The 2005 guidelines for
cardiopulmonary resuscitation recommend that CPR be
given for approximately 2 minutes before attempting elec-
trical defibrillation when the ambulance response time is
prolonged (i.e.,�4 minutes). Moreover, the same recom-
mendation states that only a single shock be given and that
CPR be resumed without a pulse check. These recommen-
dations recognize that untimely delivery of electrical
shocks may be detrimental to the resuscitation efforts, in
part because of interruption in chest compression and
because the ischemic myocardium seems to tolerate poorly
the repetitive delivery of electrical shocks.

A more optimal approach would be to guide the timing
of defibrillation based on real-time analysis of the VF

waveform. Previous studies have recognized the value of
measuring the amplitude and frequency characteristics of
VF waveforms to estimate the duration of untreated VF,102

assess myocardial energy metabolism,103 and predict the
response to defibrillation attempts.104,105 Waveform analy-
sis that incorporates amplitude and frequency in a single
index has been demonstrated experimentally to have
better positive and negative predictor power than VF
amplitude and frequency alone.106 Use of these indices in
real-time could allow better targeting of individual shocks,
thus avoiding the delivery of shocks when the probability
of success is low.

Defibrillation waveforms
Until recently, delivery of electrical shocks by external
(transthoracic) defibrillators used monophasic exponen-
tial waveforms, but the advent of implantable car-
dioverter-defibrillators introduced into clinical practice
the use of biphasic truncated exponential waveforms.
Biphasic waveforms have proven to be more effective for
terminating VF and less damaging to the myocardium
than monophasic waveforms. In a study of 40- to 45-kg
pigs subjected to 10 minutes of VF, Tang and coworkers107

reported comparable defibrillation efficacy by biphasic
(fixed 150-joule) and monophasic (escalating 200-, 300-,
and 360-joule) shocks. Biphasic waveform defibrillation
was associated with significantly less postresuscitation
myocardial dysfunction, as evidenced by lesser postresus-
citation reductions in stroke volume, cardiac output, and
ejection fraction. In contrast, Niemann and coworkers37

using 26- to 36-kg pigs subjected to 5 minutes of untreated
VF reported comparable defibrillation success using
biphasic (fixed 150-joule) and monophasic (escalating
200-, 300-, and 360-joule) shocks without differences in
postresuscitation myocardial or hemodynamic function.
It is possible that the competitive advantage of biphasic
waveform defibrillation occurs at lower energy levels than
those that were used in this experimental setting.

In a recent clinical trial, fixed 150-joule impedance-
compensating, biphasic truncated exponential defibrilla-
tion waveforms were compared with monophasic
(truncated exponential or damped sine) defibrillation
waveforms in 115 victims of out-of-hospital VF.108 Biphasic
waveform defibrillation was associated with significantly
higher rates of successful defibrillation (100% vs. 84%, P�

0.003) and return of spontaneous circulation (76% vs. 54%,
P�0.01), but not hospital admission (61% vs. 51%, NS) or
survival (28% vs. 31%, NS). Although a larger sample size
would be required to assess effects on survival outcomes,
hospital survivors who had received biphasic waveform
defibrillation were noted to have better neurological out-
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comes. This observation was attributed to possible earlier
restoration of spontaneous circulation with biphasic
waveform defibrillation. Larger clinical trials are awaited
to assess impact on hospital survival.

Vasopressor agents

Although a prominent neuroendocrine vasoconstrictive
response occurs during cardiac arrest that reduces
distal aortic runoff, enabling preferential perfusion of
the coronary and cerebral circuits, this response is limited,
and exogenous vasopressor agents are typically required
to secure increases in the coronary perfusion pressures
above critical resuscitability thresholds. For this purpose,
the American Heart Association recommends the use
of either adrenaline or vasopressin. Studies have shown,
however, that adrenaline under these low-flow condit-
ions may not only fail to improve the myocardial energy
deficit despite increases in coronary blood flow,109 but
may actually intensify ischemic injury and worsen postre-
suscitation myocardial dysfunction and survival.110,111

These adverse effects of epinephrine are attributed to
stimulation of �-receptors whereby the myocardial
oxygen requirements are disproportionately increased
during cardiac arrest109 and can be minimized experimen-
tally by using �-blocking agents.112 In a rat model
of VF and closed-chest resuscitation,111 use of the �1-
blocking agent esmolol in conjunction with epinephrine
ameliorated the severity of postresuscitation myocardial
dysfunction. Similar effects have been documented
in larger animal models of cardiac arrest.112,113 Even
administration of the selective �1-blocker esmolol
alone during chest compression has been shown to
ameliorate postresuscitation myocardial dysfunction (Fig.
48.4).114

Notwithstanding the adverse effect of adrenergic agents
under the low blood flow conditions of standard CPR,
provocative studies by Angelos and coworkers suggest that
epinephrine may be effective and devoid of its adverse
effects when used in association with hemodynamically
more effective resuscitation techniques.115

An alternative approach is the use of non-adrenergic
vasopressor agents such as vasopressin. This agent
appears to be more potent than epinephrine and to lack
adverse effects on myocardial energy metabolism.116

Nonetheless, vasopressin has a longer half-life and the
vasopressor effects persist during the postresuscitation
interval, leading to adverse effects on blood flow to
various regional tissue beds. The vasopressor effect may
also compromise myocardial performance by increasing
afterload.50

More recently, activation of �2- receptors has emerged as
a promising new experimental approach. These receptors
are expressed in pre- and postsynaptic junctions of vascu-
lar smooth cells. Activation of presynaptic �2-receptors
inhibits the release of norepinephrine. Activation of post-
synaptic �2-receptors promotes peripheral vasoconstric-
tion. Studies in rat and pig models of VF and closed-chest
resuscitation have shown that administration of the �2-
receptor agonist �-methyl-norepinephrine during chest
compression is associated with less postresuscitation
myocardial dysfunction when compared to epineph-
rine.117,118 Activation of these receptors in Purkinje cells has
been shown to reduce reperfusion arrhythmias in rats after
left anterior descending coronary artery occlusion and
reperfusion.119 These effects have been linked to signaling
via G-protein, causing attenuation in intracellular cyclic
adenosine monophosphate levels.

Novel experimental therapies

The realization that ischemia and reperfusion activates a
myriad of pathogenic pathways has persuaded researchers
to investigate whether targeting such pathways may
protect the myocardium and minimize postresuscitation
myocardial dysfunction. Some of these studies are
described below exposing the specific mechanisms of
injury targeted.

Sarcolemmal Na�–H� exchange

Increased sarcolemmal Na� influx with subsequent intra-
cellular Na� overload due to the inability of the Na�–K�

pump to extrude Na� during myocardial ischemia has
been recognized as an important pathogenic mechanism
of cell injury during ischemia and reperfusion.120–122 Na�

becomes a “substrate” for reperfusion injury123 and inten-
sifies processes detrimental to cell function primarily by
promoting sarcolemmal Ca2� entry through the Na�–Ca2�

exchanger (NCX) acting in its reverse mode.124

The conditions that develop during cardiac arrest are
uniquely poised to trigger maximal and sustained NHE-1
activity. The intense intracellular acidosis that develops
during ischemia is the initial trigger for NHE-1 activation.
The subsequent resuscitation attempt, with closed-chest
techniques, promotes reperfusion with coronary flows that
rarely exceed 20% of normal. These low blood flow levels are
not sufficient to reverse ischemia,125 but are sufficient to
supply the coronary circuit with normo-acidic blood,
hence washing out the excess of extracellular protons favor-
ing a trans-sarcolemmal proton gradient that maintains
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NHE-1 activity throughout the resuscitation effort and
probably the initial postresuscitation phase.

Administration of selective NHE-1 inhibitors, such as
cariporide, has been shown consistently to ameliorate
myocardial injury during cardiac resuscitation.25,27,33,126–129

In an intact pig model, cariporide reduced ischemic con-
tracture during chest compression such that there was less
ventricular wall thickening and better preservation of
cavity size. This effect enabled chest compression to gener-
ate and maintain a coronary perfusion pressure above the
threshold for resuscitability and to augment the hemody-
namic efficacy of vasopressor agents.27,128,129 Cariporide
also ameliorated postresuscitation ventricular ectopic
activity, prevented episodes of recurrent VF, and minimized

postresuscitation myocardial dysfunction (Fig. 48.5).25,27

Although cariporide inhibits sarcolemmal NHE-1 and
ameliorates cytosolic Na� and Ca2� overload, recent evi-
dence suggests that protection may also involve direct
effects on the mitochondria by preserving the inner mem-
brane H� gradient and delaying ATP depletion.130

The potential clinical applicability of NHE-1 inhibitors
has been halted for the moment. A recent clinical trial in
patients undergoing coronary artery bypass graft surgery
demonstrated increased incidence of cerebrovascular
occlusive events and higher overall mortality despite a
significant reduction in non-fatal postoperative myocar-
dial infarction.131 Although information on the mecha-
nism of this adverse effect of cariporide is not currently
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available, it appears to be unrelated to the mode of action.
Development of newer compounds is anticipated.

K�
ATP channel activation

Interventions aimed at activating known mechanisms of
preconditioning during cardiac resuscitation may have
favorable effects on postresuscitation myocardial dysfunc-
tion. One important mechanism of ischemic precondi-
tioning that can be emulated pharmacologically involves
opening of mitochondrial K�

ATP channels.132–135 Opening of
K�

ATP channels leads to increased K� conductivity of the
inner mitochondrial membrane, an effect that is bioener-
getically beneficial136 and limits mitochondrial Ca2� over-
load.137 In a rat model of VF and closed chest resuscitation,
administration of the K�

ATP channel opener cromakalim
reduced postresuscitation myocardial function despite a
significant reduction in coronary perfusion pressure
during chest compression.138 The favorable effect on
postresuscitation myocardial function was comparable to

that of preconditioning and manifested by a higher postre-
suscitation �dP/dt40, -dP/dtmax, cardiac index, and longer
postresuscitation survival.

�-Opioid receptor activation

Activation of �-opioid receptors has been shown to play
an important role in hibernation, leading to reductions in
myocardial oxygen consumption. Activation of �-opioid
receptors, and more specifically �1- and �2- receptors,
has been shown to ameliorate postischemic myocardial
dysfunction and to preserve ultrastructural integrity in
chick cardiomyocytes and isolated perfused rabbit
hearts.139,140 Sun and coworkers investigated, in a rat
model of VF and closed-chest resuscitation, the effect of
administering the �-opioid receptor agonist penta-
zocine.141 Administration of pentazocine was associated
with significantly lower postresuscitation arterial lactate
and less postresuscitation myocardial dysfunction, evi-
denced by a higher �dP/dt40, -dP/dtmax, and cardiac
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index. These effects were abrogated by pretreatment with
naloxone.

Lazaroids

Lazaroids are 21-aminosteroid molecules that inhibit lipid
peroxidation and scavenge oxygen free radicals.142–144

Studies in a canine model of cardiac transplantation have
shown that the lazaroid compound U-74389G given before
reperfusion improves post-transplantation myocardial
function.145 Studies in a rat model of VF and closed
chest resuscitation demonstrated that administration of
U-74389G before chest compression ameliorates postresus-
citation myocardial dysfunction as evidenced by a higher
cardiac index and higher �dP/dt40 and a lower left ventric-
ular end diastolic pressure with increased postresuscitation
survival time.146 Administration of the lazaroid was also
associated with significantly fewer premature ventricular
complexes. These studies suggest that antioxidants may
play a role during cardiac resuscitation, further supporting
the pivotal role of mitochondria for cardiac resuscitation.72

Erythropoietin

Erythropoietin is a 30.4-kDa glycoprotein best known for
its action on erythroid progenitor cells and regulation of
circulating red cell mass.147 Within the past few years,
however, investigators have reported that erythropoietin
also signals survival responses during ischemia and reper-
fusion in a broad range of tissues including the heart.148–157

Some of these protective actions are induced immediately
upon administration and result in attenuating of ischemia
and reperfusion injury even when given after the onset of
ischemia and at the time of reperfusion,154,156,158,159 sug-
gesting that erythropoietin could be beneficial for cardiac
resuscitation. Administration of human recombinant ery-
thropoietin in a rat model of prolonged VF (5000 U/kg) at
the start of closed-chest resuscitation enabled hemody-
namically more effective chest compression and improved
postresuscitation hemodynamic function.160

Management of postresuscitation myocardial
dysfunction

The current approach to cardiac resuscitation emphasizes
the prompt reversal of the precipitating cause of cardiac
arrest (i.e., terminating VF or correcting hypoxemia) and
the generation, by external means, of blood flow across the
coronary circuit. This paradigm, however, does not include
specific interventions aimed at myocardial protection and

prevention of postresuscitation myocardial dysfunction.
Yet, as pointed out earlier, opportunities exist to minimize
myocardial injury by reducing the time interval for initiat-
ing CPR, and by providing quality CPR that can promote
higher coronary blood flows. In addition, strategies aimed
at more precise timing of shock delivery could minimize
injury by avoiding repetitive defibrillation attempts.
Regarding vasopressor agents, it is to be hoped that quality
CPR might enable more judicious use of vasopressor
agents by avoiding excessive dosing, and development of
more effective and less toxic vasopressor agents is eagerly
awaited. Of increasing interest is the possibility that �-
adrenoceptor blocking agents administered during cardiac
resuscitation may prevent injury stemming from endoge-
nous and exogenous adrenergic stimulation; clinical
studies are awaited to support this concept. The experi-
mental agents shown above to be effective in various
animal models of cardiac arrest support the concept that
targeting pathways to ischemic injury may be effective. Yet,
again, clinical data are awaited.

Recognition and assessment of myocardial dysfunction

Although critical care and emergency medicine phys-
icians are well-trained to recognize and treat acute heart
failure, it is not clear that myocardial dysfunction is com-
monly deemed a diagnostic possibility after an episode of
cardiac arrest. Thus, it is important to consider postresus-
citation myocardial dysfunction in every patient success-
fully resuscitated from cardiac arrest. Equally important
is to recognize that such dysfunction is potentially
reversible, thus justifying efforts to support the failing
myocardium until competent pump function resumes.
Assessment of postresuscitation myocardial dysfunction
follows conventional practice and includes recognition of
the classical symptoms and signs of pulmonary vascular
congestion and reduced forward blood flow. Accordingly,
the assessment should include, at the very least, a focused
history and physical examination, a 12-lead electro-
cardiogram, a chest x-ray, and routine blood tests.
Postresuscitation myocardial dysfunction should be sus-
pected in the presence of increased heart rate, decreased
arterial blood pressure and cardiac output, and arrhyth-
mias, especially those of ventricular origin. Evaluation of
cardiac function and morphology by echocardiography
may be critical to establish the presence of and to quantify
the severity of myocardial dysfunction. In addition,
echocardiography may serve to identify associated condi-
tions such as cardiac tamponade, myocardial infarction,
papillary muscle rupture, pulmonary embolism, ruptured
aorta, and aortic dissection.161,162

840 R.J. Gazmuri et al.



Further diagnostic work is dictated by the clinical course
and may include the use of a pulmonary artery catheter to
assess filling pressures and cardiac output more precisely.
As previously discussed, a pattern of myocardial dysfunc-
tion found early after successful resuscitation may evolve
into a hyperdynamic state as systemic inflammation
unfolds (Fig. 48.2). Recognition of this transition is impor-
tant, because the management is substantially different
and large amounts of fluids may be required to ensure
hemodynamic stability.

Inotropic interventions

The stunned myocardium is responsive to inotropic stim-
ulation and therefore pump function may be improved by
administration of traditional inotropic agents such as
�-agonists (i.e., dobutamine) and phosphodiesterase
inhibitors (i.e., milrinone). Dobutamine acts primarily on
�1-, �2-, and �-receptors. Its hemodynamic effects include
increases in stroke volume and cardiac output, with
decreases in systemic and pulmonary vascular resis-
tance. Studies in animal models of cardiac arrest have
demonstrated substantial reversal of postresuscitation

systolic and diastolic dysfunction by using doses ranging
between 5 and 10 	g/kg per minute (Fig. 48.6).163–165

A dose of 5 	g/kg/minute was found in domestic pigs (24
0.4 kg) to provide the best balance, by restoring post-
resuscitation systolic and diastolic function without
adverse effects on myocardial oxygen consumption.164

Phosphodiesterase inhibitors such as milrinone also exert
inotropic and vasodilator effects and have been shown
experimentally to improve postresuscitation myocardial
dysfunction.166 Nevertheless, the effectiveness of conven-
tional inotropic agents may be limited by effects on heart
rate and the possibility of worsening ischemic injury
in settings of critically reduced coronary artery blood
flow.

Conventional inotropic agents act by increasing cAMP
after stimulation of �-adrenergic receptors or after inhibi-
tion of phosphodiesterases. Increased cAMP levels, in
turn, signal phosphorylation of several Ca2� regulatory
proteins (i.e., L-type Ca2� channels, phospholamban, the
ryanodine receptor, TnI, and the myosin binding protein)
leading to increased cytosolic Ca2� cycling. Of note, Ca2�

cycling consumes energy and may predispose to ventricu-
lar arrhythmias. An alternative approach, therefore, is to
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pig model of VF. VF was untreated for 15 minutes before attempting resuscitation by cardiopulmonary
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mediate inotropic responses by augmenting the sensitiv-
ity of the contractile apparatus to Ca2� acting on TnC and
downstream regulatory proteins,167 so as to exert positive
inotropic actions without increasing cAMP or cytosolic
Ca2�.

Agents that promote inotropy through these mecha-
nisms are known as Ca2� sensitizers. They are energeti-
cally more favorable168 and are potentially devoid of
Ca2�-mediated arrythmogenic effects.169 One compound,
levosimendan, acts by binding to the N-terminal domain
of TnC in a Ca2�-dependent manner. Levosimedan was
shown by Huang and colleagues in a pig model of VF and
closed-chest resuscitation to improve postresuscitation
myocardial function, resulting in greater increases in
ejection fraction and greater reductions in pulmonary
artery occlusive pressure when compared to dobuta-
mine.170 Further work, however, is required to define
dose-response relationships, interactions with underly-
ing coronary and myocardial disease, and the conditions
under which inotropic stimulation may help manage
postresuscitation myocardial dysfunction and improve
outcome.
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This book chapter is dedicated to Peter Safar, the father of modern

resuscitation, and world leading pioneer in the field of therapeutic

hypothermia.

Introduction

The history of induced hypothermia began in the 1950s
with elective moderate hypothermia of the brain, intro-
duced under anesthesia, for the protection–preservation
during brain ischemia needed for surgery on heart or
brain.1,2 In the early 1960s, Peter Safar recommended the
use of therapeutic resuscitative hypothermia for humans
after cardiac arrest in his cardiopulmonary–cerebral resus-
citation algorithm.3 At this time, it was thought that moder-
ate hypothermia (28–32 �C) was required for brain
protection. Resuscitative hypothermia research was then
given up for 25 years, as experimental and clinical trials had
been complicated by the injurious systemic effects of total
body cooling, such as shivering, vasospasm, increased
plasma viscosity, increased hematocrit, hypocoagulation,
arrhythmias, and ventricular fibrillation, when tempera-
tures dropped below 30 �C, and lowered resistance to infec-
tion during prolonged moderate hypothermia.4–7 Moderate
hypothermia was too difficult to induce and to maintain.

Peter Safar deserves most of the credit that mild thera-
peutic hypothermia was re-discovered in the mid 1980s.
When he considered the reasons for various outcomes with
the same durations of cardiac arrest in his dog experiments,
he observed that relatively small differences in brain tem-
perature in the range of mild hypothermia (33–36 �C) at the
start of the experiments had a major influence on neuro-

logic outcome. He and his research group then confirmed
these observations in systematic studies of mild hypother-
mia before, during, and after cardiac arrest in dogs.8–12

Fritz Sterz, who was research fellow in Safar’s laboratory
at this time, initiated after his return to Vienna the
Hypothermia After Cardiac Arrest (HACA) European multi-
center trial in the mid 1990s.13 This landmark study, together
with the Australian study by Bernard,14 led to the recom-
mendation to use mild hypothermia in patients resusci-
tated from cardiac arrest by the European Resuscitation
Council15 and the American Heart Association16 in 2005,
more than 40 years after the first recommendation by Peter
Safar.

This chapter reviews the current status of therapeutic
mild hypothermia in cardiac arrest. Laboratory and clini-
cal studies are described, potential mechanisms and side
effects of hypothermia, and cooling methods to induce
mild hypothermia. The influence of mild hypothermia on
the prediction of neurologic outcome after cardiac arrest
is presented. In the conclusion, recommendations for the
current use of hypothermia and recommendations for
future laboratory and clinical research are given.

Therapeutic mild hypothermia

Animal outcome studies (Behringer)

This section documents the background of therapeutic
hypothermia with regard to animal models with cardiac
arrest or vessel occlusion that led to the recent trials of ther-
apeutic hypothermia after cardiac arrest in humans.13,14,17–21

848

49

Prevention of postresuscitation neurologic dysfunction and
injury by the use of therapeutic mild hypothermia

Wilhelm Behringer1, Stephen Bernard2, Michael Holzer3, Kees Polderman4, Marjaana Tiainen5 and
Risto O. Roine6

1 University AKH, Vienna, Austria, 2 Department of Epidemiology and Preventive Medicine, Monash University, Australia,
3 University Klinik fur Notfallmedizin, Vienna, Austria, 4 Department of Intensive Care, VU University Medical Center, Amsterdam, The Netherlands, 
5 Department of Neurology, Helsinki University Hospital, Finland, 6 Department of Neurology, Turku University Hospital, Finland

Cardiac Arrest: The Science and Practice of Resuscitation Medicine. 2nd edn., ed. Norman Paradis, Henry Halperin, Karl Kern, Volker Wenzel, Douglas

Chamberlain. Published by Cambridge University Press. © Cambridge University Press, 2007.



Protective hypothermia, induced before cardiac arrest, is
differentiated from preservative hypothermia, induced
during cardiac arrest, and from resuscitative hypothermia,
induced after resuscitation from cardiac arrest. The first
animal studies of resuscitative hypothermia after cardiac
arrest were reported in the 1950s.22,23

Protective-preservative hypothermia
Therapeutic hypothermia was rediscovered in the mid-
1980s, when Hossmann reported the beneficial effect of
mild hypothermia, unintentionally induced before the
experiment, on EEG recovery in cats subjected to 1 hour of
global brain ischemia, followed by blood recirculation for 3
hours or longer.24 At the same time, Safar analysed the
outcome data of several cardiac arrest dog studies, and
found that dogs that were mildly hypothermic at the begin-
ning of the experiment showed better neurologic outcome
than dogs that were normothermic at the beginning of the
experiment.25 These observations were followed by con-
trolled randomized animal studies in various laboratories.
In dogs, ventricular fibrillation cardiac arrest of 12.5-
minute no-flow was accompanied by head immersion in
ice water (which reduced brain temperature by only 1 �C)
and followed by reperfusion cooling with brief cardiopul-
monary bypass to 34 �C for 1 hour; functional and mor-
phologic brain outcome variables were significantly
improved in the hypothermic groups 4 days after the
insult.8 Busto and colleagues found in a 20-minute four-
vessel occlusion rat model that small increments of intra-
ischemic brain temperature (33�, 34�, 36�, or 39 �C)
markedly accentuated histopathological changes follow-
ing 3-day survival, despite severe depletion of brain energy
metabolites during ischemia at all temperatures.26 Siesjö
and colleagues confirmed the beneficial effects of intra-
ischemic hypothermia in a two-vessel occlusion rat model
with various durations of ischemia by showing that inten-
tional lowering of brain temperature from 37� to 35 �C
markedly reduced and to 33 �C virtually prevented neu-
ronal necrosis.27

Importantly, the benefit of intra-ischemic mild to mod-
erate hypothermia on neuronal death is regarded as long-
lasting. Green and colleagues found in a 12.5-minute
four-vessel occlusion rat model that intra-ischemic
hypothermia to 30 �C protected from behavioral deficits
and neuronal injury for up to 2 months.28 This longlasting
effect of intra-ischemic hypothermia was confirmed by
the same group in a 10-minute two-vessel occlusion rat
model,29 and by Corbett and colleagues in a 5-minute
global ischemia gerbil model with brain temperature to
32 �C.30

Resuscitative hypothermia
The rediscovery of protective-preservative mild to moder-
ate hypothermia in brain ischemia led to widespread
research of resuscitative mild to moderate hypothermia in
several animal models in the 1990s. Safar and colleagues
conducted a systematic series of outcome studies in dogs of
prolonged normothermic cardiac arrest followed by mild
resuscitative cerebral hypothermia (34 �C), induced imme-
diately after reperfusion and maintained for 2–3 hours9,10,12

or 12 hours.11 Controlled ventilation was maintained for 24
hours, and intensive care was provided for 3 to 4 days, with
final evaluation of neurologic outcome and histologic
damage in various brain regions. In one study,9 ventricular
fibrillation cardiac arrest after 10-minute no-flow was
reversed by standard external cardiopulmonary resuscita-
tion; cooling to 34 �C for 2 hours with a combination of
head-neck-trunk surface cooling, plus cold fluid loads
administered intravenously, intragastrically, and nasopha-
ryngeally, was induced in one group at the beginning of
resuscitation, and in another group after restoration of
spontaneous circulation. In both groups, neurologic recov-
ery in terms of histologic damage and functional outcome
was improved compared to that in control animals. Next,10

ventricular fibrillation cardiac arrest of 12.5-minutes no-
flow was reversed by brief cardiopulmonary bypass; imme-
diate mild (34 �C) or moderate (30 �C) hypothermia,
induced with bypass, for 1 hour improved functional and
morphologic brain outcome, but deep postarrest hypother-
mia (15 �C) did not improve function and worsened brain
histology. In the next study,12 ventricular fibrillation cardiac
arrest of 12.5-minute no-flow was reversed by brief car-
diopulmonary bypass; delaying cooling (to 34 �C for 1 hour)
until 15 minutes after normothermic reperfusion did not
improve functional outcome but histologic damage.
Finally,11 ventricular fibrillation cardiac arrest of 11-minute
no-flow was reversed by brief cardiopulmonary bypass; a
combination treatment of mild hypothermia by head-
neck-surface cooling plus peritoneal instillation of cold
Ringer’s solution to keep brain temperature at 34 �C from
reperfusion for 12 hours, plus cerebral blood flow promo-
tion by induced moderate hypertension for 4 hours, plus
colloid-induced hemodilution for 12 hours, led to the best
outcome yet encountered in dogs, with lowest histologic
damage ever achieved. Mild cooling in all dog studies
caused no cardiovascular or other side effects.

At the same time, resuscitative hypothermia was also
studied in rodent ischemia models. First, Busto and col-
leagues reduced hippocampal CA1 injury with 3 hours of
immediate, but not 30-minute delayed postischemic
hypothermia to 30 �C in a two-vessel occlusion rat model
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with 10 minutes of ischemia and survival to 3 days.26

Buchan and colleagues reduced hippocampal CA1 injury
with 8 hours of immediate hypothermia to 34.5 �C in gerbils
with 5 minutes of ischemia and survival to 5 days.31

Coimbra and colleagues reduced hippocampal CA1 injury
with 5 hours of immediate hypothermia to 29 �C in gerbils
with 5 minutes of ischemia and survival to 7 days.32 Chopp
and colleagues reduced hippocampal CA1 injury with 2
hours of immediate hypothermia to 34 �C in a two-vessel
occlusion rat model with 8 but not 12 minutes of ischemia,
and survival to 7 days.33 Carroll and colleagues progres-
sively reduced hippocampal CA1 injury with immediate
hypothermia to 28–32 �C for 1/2, 1, 2, 4, and 6 hours in
gerbils after 5 minutes of ischemia, and survival to 4 days; 6
hours of hypothermia delayed for 1 hour after reperfusion
also resulted in protection, but 6 hours of hypothermia
delayed for 3 hours after reperfusion was not effective. In
another study by Coimbra and colleagues hippocampal
CA1 injury was reduced with 5 hours of hypothermia to
33 �C, delayed for 2 hours after reperfusion, in a two-vessel
occlusion rat model with 10-minutes of ischemia, and sur-
vival to 7 days.34 The same group reduced hippocampal CA1
injury with 5 hours of hypothermia to 33 �C, delayed for 2,
6, and 12 hours, but not for 24 and 36 hours, after reperfu-
sion in a two-vessel occlusion rat model with 10-minutes of
ischemia, and survival to 7 days; 3.5 hours of hypothermia
delayed for 2 hours after reperfusion was less effective, and
30 minutes of hypothermia delayed for 2 hours after reper-
fusion was ineffective in the same model.35

Although the benefit of intra-ischemic hypothermia on
neuronal death is regarded as longlasting,28,30 results on
longlasting effects of postischemic hypothermia are more
controversial. Dietrich and colleagues found hippocampal
CA1 protection in a two-vessel occlusion rat model
with 10-minutes of ischemia and postarrest immediate
hypothermia to 30 �C for 4 hours, when histologic evalua-
tion was at 3 days after the insult; this protection signifi-
cantly declined by 7 days, and was completely absent by 60
days after the insult.29

Colbourne and colleagues systematically explored
factors affecting neuroprotection of hypothermia in
gerbils.36–38 In the first study,36 Experiment 1 found that 12
hours of hypothermia (3 �C) delayed for 1 hour after reper-
fusion attenuated the early (�10-day) ischemia-induced
open-field habituation impairments, and substantially
reduced CA1 necrosis against 3 minutes of ischemia when
assessed at 10 and 30 days, but was only partially effective
against a 5-minute occlusion; in Experiment 2, prolonged
hypothermia (32 �C) for 24 hours delayed for 1 hour after
reperfusion resulted in near total preservation of CA1
neurons at 30 days even after 5 minutes of ischemia. In the

second study with ischemia of 5 minutes.37 The observa-
tion period was extended to 6 months; hypothermia (32 �C)
for 24 hours delayed for 1 hour after reperfusion provided
substantial CA1 protection at 6 months, but there was less
protection than at 1 month. Delaying hypothermia (32 �C,
24 hours) to 4 hours after reperfusion also provided signif-
icant protection at 6 months survival, but significantly less
than delaying hypothermia for only 1 hour. In the third
study with ischemia of 5 minutes,38 increasing the duration
of hypothermia to 48 hours resulted in longlasting protec-
tion of neurons at 1 month, even when hypothermia was
delayed to 6 hours after reperfusion.

The longlasting effect of delayed (6 hours), prolonged
(48 hours) hypothermia (32 °–34 ºC) on functional and his-
tologic outcome at 1 month was confirmed in rats with 10
minutes of severe four-vessel occlusion ischemia.39

The studies described above suggest that minimal delay
and longer durations of hypothermia are of critical impor-
tance to extend the therapeutic window and to provide
permanent protection of resuscitative hypothermia.

Clinical outcome studies (Holzer)

Historic use of therapeutic hypothermia after cardiac
arrest
The first experiences of hypothermia after cardiac arrest
were obtained in the 1950s by Benson et al.40 who pre-
sented four cases of hypothermic therapy after cardiac
arrest (temperature 30 � to 34 �C) and Williams and
Spencer41 who compared treatment with hypothermia
(31�–32 �C) in 12 patients with 7 normothermic controls. In
this controlled pioneer case study, patients treated with
hypothermia had a favorable neurological recovery in 50%
compared to 14% in the control group. Nonetheless,
because of hemodynamic and respiratory problems in
these early hypothermia protocols, hypothermia was not
used clinically for this indication until the late 1990s.

Clinical pilot trials of hypothermia
In 1997 Bernard et al.17 found improved neurologic
outcome in survivors of out-of-hospital cardiac arrest
with postarrest mild hypothermia (33 �C) by surface
cooling with ice packs over 12 hours compared to a his-
toric normothermic control group (11 of 22 vs. 3 of 22
patients).

Yanagawa et al.19 used water-filled cooling blankets in
combination with alcohol to cool cardiac arrest survivors
to a core temperature between 33 �C and 34 �C over 48
hours. Three of 13 patients in the hypothermia group sur-
vived without disabilities as compared to 1 of 15 patients in
the historical control group. The long duration of cooling
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in this study led to a higher rate of pneumonia, but it was
stated that in none of these cases the pulmonary infection
was a direct cause of death.

In a different approach, Nagao et al.,42 resuscitated
patients in cardiac arrest on arrival at the emergency
department with emergency cardiopulmonary bypass
and intra-aortic balloon pumping. After successful resus-
citation, hypothermia was attained by direct blood
cooling to 34 �C via a dialysis coil for a minimum of 48 (71
49) hours. Fifty-two percent of these patients survived
with good neurologic recovery and no major side effects
were reported.

The pilot study for the HACA trial20 included 27
comatose patients after ventricular fibrillation cardiac
arrest. Cooling blankets (Blanketrol II Hypothermia
System, Cincinnati Sub-Zero Products, Inc) were placed
within a special mattress consisting of air cushions
(TheraKair, Kinetic Concepts, Inc), which allowed cold
air to flow around the patient; head and body were
cooled with a cooling blanket with constant cold air
flow (Polar Bair, Augustin Medical, Inc). Patients were
cooled to a target temperature of 33 1 �C, which was
maintained for 24 hours, after which period the patients
were passively rewarmed. After 6 months, good neurologi-
cal recovery was achieved by 14 (52%) patients, 2 (7%) had
poor neurological recovery and 11 (41%) died before dis-
charge. Compared to historic controls this was a twofold
improvement of outcome and no major complications
were directly related to treatment with mild hypothermia.

For a safety and feasibility trial of therapeutic hypother-
mia after cardiac arrest, Felberg et al.43 used external
cooling blankets in nine patients with persistent coma
and lack of acute myocardial infarction or unstable

dysrhythmia. Hypothermia to 33 �C was maintained for 24
hours followed by passive rewarming. Three of the nine
patients (33%) recovered completely, and one patient
developed unstable cardiac dysrhythmia. Figure 49.1 sum-
marizes outcome data of the pilot trials.

Randomized trials and meta-analysis of therapeutic
hypothermia after cardiac arrest
The first randomized trial took place in one of the centers
also participating in the European multicenter study.18 In
contrast to the multicenter trial the author included only
patients with asystole and pulseless electrical activity and
therefore no patient was included in more than one trial. A
helmet device (Frigicap®) containing a solution of aqueous
glycerol placed around the head and neck induced mild
hypothermia in 30 patients. Once a bladder temperature of
34 �C was reached, or if cooling took longer than 4 hours,
the patient was allowed to rewarm spontaneously over
the next 8 hours. Two of 16 patients in the hypothermia
group and none of 14 patients in the normothermia group
had a favorable neurologic recovery (P�0.49). Three
patients in the hypothermia group survived vs. 1 patient in
the normothermia group (P�0.60). Oliguria occurred in
4 hypothermic and in five normothermic patients. There
were no further complications reported.

In 2002 two randomized studies on hypothermia after
cardiac arrest were published. In the Australian trial, 77
patients with return of spontaneous circulation after
cardiac arrest of cardiac origin (ventricular fibrillation or
pulseless ventricular tachycardia) were randomly treated
with therapeutic hypothermia (33 �C, core temperature
over 12 hours, cooled with ice packs) or normothermia.14
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The primary outcome measure was survival to hospital dis-
charge, with neurologic function appropriate for discharge
to home or a rehabilitation facility. Twenty-one of the 43
patients treated with hypothermia (49%) survived with a
good neurologic function at hospital discharge as com-
pared with 9 of the 34 treated with normothermia (26%, P�

0.046). After multivariate adjustment for baseline differ-
ences, the odds ratio for a good outcome with hypothermia
therapy as compared with standard treatment was 5.25
(95% CI, 1.47 to 18.76; P�0.011). There was no difference in
the frequency of adverse events, but hypothermia was asso-
ciated with a lower cardiac index, higher systemic vascular
resistance, and hyperglycemia.

In the European multicenter trial13 patients resuscitated
after ventricular fibrillation or pulseless ventricular tachy-
cardia cardiac arrest were randomly treated with therapeu-
tic hypothermia (32 °–34 �C bladder temperature, cooled
with cold air) over 24 hours or with normothermia. All
patients received standard intensive care according to a
detailed protocol including the use of sedation (midazo-
lam, initially 0.125 mg/kg per hour), analgesia (fentanyl,
initially 0.002 mg/kg per hour), and relaxation (pancuro-
nium, initially 1 mg/kg every 2 hours, then as needed to
prevent shivering). Mechanical ventilation was mandatory
for at least 32 hours. The primary end point was a favorable
neurologic recovery within 6 months after cardiac arrest;
secondary end points were mortality within 6 months and
the rate of complications within 7 days. Seventy-five of the
136 patients in the hypothermia group (55%) had a favor-
able neurologic recovery (defined as cerebral performance

category 1 or 2). In the normothermia group 54 of 137
(39%) had favorable neurologic recovery (risk ratio, 1.40;
95% CI 1.08 to 1.81). Mortality at 6 months was 41% in the
hypothermia group (56 of 137 patients died), as compared
with 55% in the normothermia group (76 of 138 patients;
risk ratio, 0.74; 95% CI 0.58 to 0.95). The proportion of
patients with any complication was not significantly dif-
ferent between the two groups (93 of 132 patients in the
normothermia group (70%) and 98 of 135 in the hypother-
mia group (73%), P�0.70). Sepsis was more likely to occur
in the hypothermia group, however, this difference was not
statistically significant. As inclusion and exclusion criteria
were very strict only 8% of patients assessed for eligibility
were included in this trial.

In all randomized trials only outcome assessment was
blinded and therefore it was possible that some aspects of
care differed between the groups. Figure 49.2 shows a
summary of the neurologic outcome of the randomized
trials.

In a meta-analysis,44 which included individual patient
data of all three randomized trials of therapeutic hypother-
mia after cardiac arrest it was shown that more patients in
the hypothermia group were discharged with favorable
neurologic recovery (risk ratio, 1.68; 95% CI 1.29–2.07).
Furthermore, the 95% CI of the number-needed-to-treat to
allow one additional patient to leave the hospital with
favorable neurologic recovery was 4–13. Additionally,
patients were more likely to be alive at 6 months with favor-
able functional neurologic recovery if they were treated
with hypothermia (risk ratio, 1.44; 95% CI 1.11–1.76).

852 W. Behringer et al.

60

50

40

30

20

10

0
HACA

Fa
vo

ra
b

le
 n

eu
ro

lo
g

ic
 r

ec
o

ve
ry

 (
%

)

Bernard Hachimi-ldrissi

Fig. 49.2. Favorable neurologic recovery in randomized clinical trials of therapeutic hypothermia after

cardiac arrest. Therapeutic hypothermia, shaded columns; normothermic control group, white

columns.



Neurologic outcome in recent clinical studies of
different cooling methods
In a study of rapid infusion of large volume (30 ml/kg), ice-
cold (4 �C) intravenous lactated Ringer’s solution, Bernard
et al.45 included 22 patients who were comatose following
resuscitation from out-of-hospital cardiac arrest. Eight of
these patients had primary rhythms other than ventricular
fibrillation. The rapid cold infusion resulted in a significant
decrease in median core temperature from 35.5� to 33.8 �C
and improvement of the hemodynamic situation. Of the
22 patients 10 (45%) survived to hospital discharge (2 of 8
patients with non-ventricular fibrillation rhythm).

A case series of three patients described the effect of
therapeutic hypothermia after cardiac arrest from non-
cardiac causes:46 one patient had cardiac arrest from electro-
cution (rhythm ventricular fibrillation), one from drowning
(rhythm asystole) and one from pulmonary embolism
(rhythm pulseless electrical activity). All patients were
treated with hypothermia (33 �C) over 24 hours and
survived to hospital discharge with favorable neurologic
recovery.

In a study evaluating the safety and feasibility of endovas-
cular cooling in comatose patients who had been success-
fully resuscitated after cardiac arrest, Al-Senani et al.47

cooled 13 patients to a target bladder temperature of 33 �C
for 24 hours, followed by slow controlled rewarming over
18.35.9 hours. Five patients (38%) had 30-day favorable
neurologic recovery. No unanticipated or procedure-related
adverse events occurred.

A pilot study was performed by Friberg et al.48 using cold
intravenous fluids and surface cooling with a cold helmet
and a cold-water blanket (Thermowrap® and Allon®
control unit, MTRE, Or Akiva, Israel) in five unconscious
patients after cardiac arrest; three survived with good
recovery to 6-month follow-up (60%). No adverse events
were reported during treatment.

Virkkunen et al.49 cooled 13 adult patients in the prehos-
pital setting with ice-cold Ringer’s solution after successful
resuscitation from non-traumatic cardiac arrest. After
hemodynamic stabilization, 30 ml/kg of Ringer’s solution
was infused at a rate of 100 ml/min into the antecubital
vein. Four of these 13 patients (31%) survived to hospital
discharge with favorable neurologic recovery.

Summary
Sufficient clinical evidence supports the use of therapeutic
hypothermia after cardiac arrest in unconscious survivors
of cardiac arrest, particularly if the primary rhythm was
ventricular fibrillation and the arrest occurred outside the
hospital; such hypothermia may also be beneficial in
patients with other rhythms and in-hospital cardiac arrest.

Initial patient evaluation
The optimal timing and technique for induction of
hypothermia after cardiac arrest are uncertain, and this is
now the major focus of current research. The induction of
hypothermia after cardiac arrest should be an integral
component of the initial evaluation and stabilization of the
patient. The steps are described below.

Airway/breathing
All patients who have been resuscitated from prolonged
cardiac arrest remain comatose and will require endotra-
cheal intubation for airway protection, oxygenation and
control of ventilation. Mechanical ventilation with supple-
mental oxygen at a tidal volume of 10 ml/kg and a rate of
8–10 breaths per minute should ensure adequate oxygena-
tion and normocapnea. Notably, production of CO2 is
decreased by 30% when core temperature is 33 �C, and
therefore the minute ventilatory volume will need to be
decreased to avoid hypocapnea, as guided by end-carbon
dioxide readings and/or arterial blood gas analysis.

To facilitate both mechanical ventilation and assist in
the rapid induction of hypothermia, a large dose of a non-
depolarizing muscle relaxant should be administered
immediately after initial neurological assessment, as well
as an infusion of a sedative agent such as midazolam; these
medications will abolish shivering.

Circulation
Evidence from laboratory studies indicates that hyperten-
sion after cardiac arrest is associated with improved neu-
rological outcome.11 One treatment that both induces mild
hypothermia and improves blood pressure is rapid infu-
sion of large volume (40 ml/kg), ice-cold (4 ºC) intravenous
fluid (see later). If hypotension (MAP�90 mmHg) persists
despite this fluid therapy, then an inotropic drug may be
infused. In our studies of induced hypothermia (IH),45

adrenaline was the vasoactive drug of first choice as it has
a low incidence of adverse cardiac effect. But if it does
cause adverse side effects, noradrenaline would be a rea-
sonable alternative.

If the patient is initially hypertensive, additional seda-
tion may be administered (such as propofol) and consider-
ation given to vasodilator therapy with glyceryl trinitrate
considered.

Initial procedures
After initial “ABC” resuscitation measures described above,
the following procedures and investigations should be
undertaken. An orogastric tube should be inserted, since
bystander expired air ventilation commonly results in air
inflation of the stomach. Insertion of an intra-arterial line
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facilitates continuous blood pressure monitoring and
blood drawing for laboratory tests. A 12-lead electrocardio-
gram is required to diagnose acute coronary syndromes. A
chest X-ray should be obtained during initial evaluation to
exclude right main bronchus intubation and to evaluate
any pulmonary complications of cardiac arrest such as
aspiration pneumonitis and/ or pulmonary edema.

Central venous access may be required for central
venous pressure monitoring and/or vasoactive drug infu-
sion. A femoral venous line may be safer in this setting
compared with subclavian or internal jugular puncture if
thrombolysis is planned.50

Core temperature measurement
Core temperature must be monitored continuously and
accurately when induction of hypothermia is planned.
There is minimal temperature gradient among brain,
bladder and rectal temperature51,52 and it is usually most
convenient to monitor bladder temperature after arrival at
hospital. Tympanic temperature monitoring may be used
pre-hospital, but is less accurate, particularly when the
head is surrounded by ice-packs during surface cooling
(see below).

Induction of hypothermia
Rapid lowering of core temperature in an adult patient
after cardiac arrest requires that shivering be suppressed
by administration of sedation and/or muscle relaxants,
while heat is concurrently lowered. A range of techniques
for rapid cooling may be applicable in this setting, depend-
ing on availability of resources and physician expertise (see
Table 49.1).

Surface cooling
The simplest technique for cooling after cardiac arrest is
extensive application of ice packs to the head, neck, and
torso of the patient. In preliminary hypothermia studies,45

this technique was effective but provided relatively slow
core cooling (approximately 0.9 �C per hour). It was also
very time-consuming and inconvenient for attending
medical and nursing staff.

The European (HACA) study of hypothermia after
cardiac arrest used surface cooling with a refrigerated air
blanket to induce hypothermia.13 This was also found to be
very slow, however, with a decrease in core temperature of
only 0.3 ºC/hour.

Increased conductive heat loss may be achieved using
water blankets rather than cold-air blankets. These were
compared by Theard et al. in surgical patients.53 Both of
these techniques (water and cold-air blankets) were rela-
tively slow and there was no significant difference between

the groups in the time taken for core temperature to drop
from 35 �C to less than 34 �C (mean 178 minutes vs. 142
minutes). Nevertheless, cooling blankets are a feasible and
safe for induction of mild hypothermia.43

More recently, developments in cooling technology have
made surface cooling much more efficient. The most
promising commercially available system uses large
adhesive pads that are cooled by water at a controlled
temperature applied around the trunk and limbs (Arctic
Sun, Medivance, Colarado, USA). The water is circulated
with a feedback control system, allowing very accurate
control of patient core temperature. Although published
data on patients after cardiac arrest are limited, this system
has provided improved temperature control compared
with traditional surface cooling blankets in febrile patients
in a neurological intensive care unit.54 Moreover, this
system is non-invasive and can be readily applied by
nursing staff.

Surface heat loss can also be attained with evaporative
techniques by using fans and alcohol baths, but these are
time consuming and impractical in most emergency and
critical care units.

The fastest rate of surface cooling has been achieved
with complete patient immersion in an ice-water bath.55

This results in a rapid decrease in core temperature of
9.7 �C/hour, but is impractical for critically ill patients.

Since the skin of the torso and limbs may be poorly per-
fused in the early post-cardiac arrest period, while brain
blood flow is preserved, it was proposed that cooling
helmets may be more efficient than cooling blankets, and
two studies have investigated this issue. First Wang et al.
assigned 14 patients with neurological injury to either a
cooling helmet or no cooling.56 Brain temperature was
measured directly (just below the surface of the brain) and
compared with the patients’ core temperatures. Brain
surface temperature was reduced by 1.8 �C (range
0.9–2.4 �C) within 1 hour of helmet application, but a mean
of 3.4 hours was required to achieve a brain temperature
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Table 49.1. Techniques for induction of hypothermia after
cardiac arrest

• Surface cooling

• Large volume ice cold intravenous fluid

• Intravascular catheter cooling

• Extracorporeal cooling

• Partial liquid ventilation with cold fluorocarbons

• Pharmacological approaches

• Isolated brain cooling

• Body cavity lavage



lower than 34 �C and over 6 hours before systemic
hypothermia (� 36 �C) occurred. Second, the tympanic
temperatures of 16 patients who were cooled after cardiac
arrest were compared to those of 14 normothermic con-
trols.18 The median tympanic temperature on admission to
hospital in both groups was 35.5 �C. In the cooling helmet
group, the core target temperature of 34 �C was reached
after a median time of 180 minutes after resuscitation. The
two studies indicate that cooling helmets are relatively
slow to provide systemic hypothermia in adults and prob-
ably have no advantage over surface cooling with ice packs
and/or cooling blankets.

Nevertheless, helmet cooling may be more efficient in
neonatal patients, because of the relative size of the head
compared with the torso and the presence of open cranial
fontanelles. Animal studies have confirmed that moderate
cerebral hypothermia can be induced while the body can
be maintained at relative normothermia. In one study,
Tooley et al. subjected piglets to 45 minutes of global
hypoxic-ischaemic insult,57 after which each piglet was
cooled for 7 hours by using a cap wrapped around the head
with circulating cold water (median 8.9 °C). Radiant over-
head heating was used to warm the body during cerebral
cooling. The mean deep brain temperature during the 7-
hour cooling period was 31.1ºC, while rectal temperature
remained stable at 38.8ºC.

This technique was then used in a clinical trial of hypo-
thermia in neonates with hypoxic-ischemic encephalopa-
thy58 in which the cooling cap (Olympic Medical Cool Care
System, Olympic Medical, Seattle, WA, USA) was placed
around the head of the neonate for 72 hours. The system
consists of a thermostatically controlled cooling unit and a
pump that circulates water between 8 �C and 12 �C through
the cap. The infants were also nursed under a radiant over-
head heater, which was servo-controlled to the infant’s
abdominal skin temperature and adjusted to maintain the
rectal temperature at 34 °–35 ºC. Improved outcomes in
neonates with moderate, but not severe, hypoxic-ischemic
encephalopathy were shown, and no cardiac arrest compli-
cations resulted from the cold cap.

Large-volume ice-cold intravenous fluid
A simple inexpensive technique for induction of mild
hypothermia is rapid infusion of a large volume (40 ml/kg)
of ice-cold (4 �C) intravenous fluid (LVICF). To date lactated
Ringer’s solution and normal saline have been used.

This technique was initially tested in volunteers and
found to be safe and effective at lowering core temperature,
particularly in older patients.59,60 More recent studies have
examined this technique in postcardiac arrest patients. In a
study of 22 patients in an Emergency Department by

Bernard et al., 30 ml/kg of LVICF (lactated Ringer’s solution)
was rapidly infused intravenously, together with a large
dose of a long acting neuromuscular blocker to prevent
shivering.45 This infusion decreased core temperature by
1.6 °C and blood pressure was increased and no patient
developed pulmonary edema. In addition, there were
improvements in acid–base and renal function. Fluid was
infused into a peripheral i.v. cannula by using a pressure
bag to ensure a high flow rate (100 ml/min) through a stan-
dard i.v. giving set.

In a study by Kliegel et al., cardiac arrest patients
received 200 ml of LVICF via peripheral venous catheters to
initiate IH prior to endovascular catheter insertion.61

Following 247 ml/kg cold fluid, the core temperature
decreased from 35.6 °C1.3 °C on admission to 33.8 ºC

1.1ºC. The target temperature (�34 ºC) was reached a
mean of 185 minutes after return of spontaneous circula-
tion and 135 minutes after start of infusion. Two patients
had radiographic signs of mild pulmonary edema, but no
other complications that could be attributed to the LVICF
infusion.

Although myocardial dysfunction is common after
resuscitation from prolonged cardiac arrest,62 there is evi-
dence that rapid infusion of LVICF does not result in pul-
monary edema in most patients. Kim et al. examined the
cardiac effects of LVICF in cardiac arrest patients following
hospital admission,63 by using transthoracic echocardio-
graphy to assess cardiac function just before and 1 hour
after infusion of LVICF. The infusion resulted in a mean
core temperature drop of 1.4 ºC without significant
changes in vital signs, electrolytes, arterial blood gases, or
coagulation indices. The initial mean cardiac ejection frac-
tion was 34%, and the fluid infusion did not effect ejection
fraction, central venous pressure, pulmonary pressures, or
left atrial filling pressures.

The LVICF has been used for the prehospital induction of
hypothermia. In one study of 13 adult patients who were
resuscitated from cardiac arrest, 30 ml/kg of lactated
Ringer’s solution was infused at a rate of 100 ml/minute
into an antecubital vein.49 The mean core temperature
decreased from 35.8 ° 0.9 �C at the start of infusion to
34.0 °1.2�C on arrival at hospital (P�0.0001), with no
serious adverse hemodynamic effects.

Although this study was supervised by physicians, it has
also been shown that paramedics can administer LVICF
after cardiac arrest. In a pre-hospital study, 20 adult patients
with return of stable spontaneous circulation following
out-of-hospital cardiac arrest were enrolled (Bernard SA,
unpublished data). All patients were unconscious after
return of spontaneous circulation and were intubated and
ventilated. The patients received pancuronium followed
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by 2000 ml of ice-cold lactated Ringer’s solution IV over
20 minutes. Data on vital signs were collected before
and after the fluid infusion, before arrival at the emer-
gency department. Core temperature decreased by 1.8 ºC.
Transient oxygen desaturation in one patient was treated
with furosemide without adverse effect.

Since there is evidence that hypothermia may be of
maximal benefit when induced during CPR,9,12 LVICF may
be the most feasible technique for cooling during CPR in
the field. Although human studies have not been pub-
lished, this approach was tested in a laboratory study by
Nordmark et al.64 In this study, 20 piglets were subjected to
8 minutes of ventricular fibrillation, followed by CPR: they
were then randomized into two groups, one given a
30 ml/kg infusion of 4 ºC Ringer’s solution at 1.33 ml/kg per
minute, starting after 1 minute of CPR and the other
received the same infusion volume at room temperature.
After 9 minutes, cardioversion was used to achieve a return
of spontaneous circulation. The mean temperatures in the
LVICF animals were significantly reduced by a mean of
1.6 ºC compared with 1.1 ºC in the control group; there was
no difference in cortical cerebral blood flow or hemody-
namic variables and no adverse effects of the infusion.

On the other hand, there may be some concern that
hypothermia induced during cardiac arrest decreases the
effectiveness of defibrillation. This has been studied by
Boddicker et al. in a swine model of cardiac arrest.65 The
animals were divided into four groups each with eight
animals: normothermia; mild hypothermia (35 ºC), moder-
ate hypothermia (33 ºC); and severe hypothermia (30 ºC).
Hypothermia was induced by surface cooling before the
induction of ventricular fibrillation (VF). After 8 minutes of
unsupported VF, without CPR, the animals were defibril-
lated with successive shocks as needed and then under-
went CPR until either resumption of spontaneous
circulation or no response at 10 minutes. First-shock defib-
rillation success was higher in the moderate hypothermia
group (6 of 8 hypothermic animals vs. 1 of 8 normothermic
animals; P�0.04). Fewer shocks were needed for late defib-
rillation (�1 minute after initial shock) in all three
hypothermia groups compared with the normothermia
group (all P�0.05). None of the 8 animals in the normoth-
ermia group achieved return of spontaneous circulation,
compared with 3 of 8 mild hypothermia (P�NS), 7 of 8
moderate hypothermia (P�0.001), and 5 of 8 severe
hypothermia (P�0.03) animals. These data suggest that
mild hypothermia actually facilitated defibrillation.

Possible contraindications to LVICF include the pres-
ence of fulminating pulmonary edema and/or the patient
with chronic renal failure (on dialysis) who may be unable
to excrete a large fluid load. In these patients, intravenous

infusion of a small volume of a much colder liquid might
be useful. Recently, an ice “slurry,” comprising smoothed
100-micrometre ice particles at subzero temperature, has
been developed. Vanden Hoek et al. studied the effects of a
rapid infusion of this slurry in swine,66 in which a central
catheter infusion of ice slurry (50 ml/kg) was compared to
an equal volume of chilled saline. The study included nor-
mothermic controls, and compared with these control
animals, brain temperatures of the slurry and saline groups
dropped by means of 5.3 ºC and 3.4 ºC (P� .009), respec-
tively.

At this time, the use of LVICF appears to be the most fea-
sible and effective approach to rapid core cooling, and it
should be administered as soon as possible after resuscita-
tion. On the basis of the promising animal data above,
future clinical studies could test this therapy in the prehos-
pital setting and during CPR.

To avoid a rebound increase in temperature as the cold
fluid moves into the extra-vascular compartment at the
end of the infusion, additional cooling techniques such as
surface cooling (as above) or endovascular cooling (see
below) may be required for the maintenance of IH.

Endovascular cooling
Several types of endovascular cooling catheters are cur-
rently available for induction and maintenance of
hypothermia. Although there are minor differences in
design, the principles of each catheter type are similar. The
catheter is placed in the venous circulation (usually into
the inferior vena cava via the femoral vein) and contains
circulating saline at a controlled temperature. The fluid is
pumped from a bedside heat exchanger that accurately
controls fluid and therefore patient core temperature.

Preliminary clinical studies examined the use of this
device in febrile neurological patients. Diringer et al. com-
pared conventional treatment of fever (acetaminophen
and cooling blankets) with this treatment plus an endovas-
cular cooling catheter (Alsius, Irvine, CA) in patients with
neurological injury and fever.67 The “fever burden” (defined
as the area under the temperature chart) was 7.92 ºC-hours
in the conventional group compared with 2.87 ºC-hours in
the catheter group, which represented a 64% reduction in
fever (P�0.01). Rates of infection and use of sedatives, nar-
cotics, and antibiotics were similar in both groups.

The endovascular cooling catheter has also been used for
core cooling patients undergoing interventional cardiac
procedures. In the “Cool-MI” study, Dixon et al. studied the
use of a cooling catheter during primary percutaneous
coronary intervention (PCI) for acute myocardial infarc-
tion.68 Patients were randomized to primary PCI with either
normothermia or cooling by using an endovascular cooling
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catheter, with a target core temperature of 33 ºC. Sedation
was administered for patient comfort and to prevent shiv-
ering. Cooling was then maintained for 3 hours after reper-
fusion, and was well tolerated, with no hemodynamic
instability or increase in the incidence of arrhythmia.
Although the median infarct size was not significantly
smaller in patients who received cooling compared with
that in the control group, the study established the safety
and efficacy of the cooling technology.

The endovascular cooling device has also been used suc-
cessfully for the induction of mild hypothermia in con-
scious patients with severe stroke69 and in the operating
room for patients undergoing elective craniotomy for
repair of an unruptured cerebral aneurysm.70

Endovascular cooling has been used in patients with
neurological injury after cardiac arrest by Al-Senani et al.47

Core temperature was reduced to a target of 33 ºC for 24
hours using a closed loop endovascular system placed in
the inferior vena cava, followed by controlled rewarming.
Thirteen patients (mean age, 60 years) were enrolled. The
time from cardiac arrest to ROSC was 14.3 minutes (range
5–32.5). It took a mean of 3 hours and 39 minutes to reach
33 ºC (average). The rate of cooling 0.8 ºC/hour, range,
0.22 °–1.12 ºC/hour). Temperature was tightly maintained
for all patients averaging 32.7 °0.5 °C. Rewarming lasted
18.35.9 hours. No procedure-related adverse events
occurred.

However, the use of an endovascular cooling catheter is
limited to the hospital setting. Moreover, the heat
exchanger and catheters are expensive and catheters
require insertion by a physician with additional training,
which delays induction of hypothermia for some time after
hospital arrival. Nevertheless, these devices appear to
provide excellent temperature control during mainte-
nance and rewarming from hypothermia.

Extracoporeal circuits
Extracorporeal circulation consists of large intravascular
(usually intravenous) catheters, a blood pump, and an in-
line heat exchanger. These circuits allow very accurate and
rapid control of core temperature, but again this technol-
ogy is very expensive, and requires specialized physician
training for catheter insertion as well as time to prime.
Also, the patient usually requires full anticoagulation.
Therefore, this approach is unlikely to become commonly
used in most emergency and critical care units.

The rapid rate of cooling has been demonstrated by
Holzer et al.71 In large swine, extracorporeal venovenous
cooling reduced brain temperature from 38.0 º to 33.0 ºC in
a mean of 41 minutes compared with endovascular cooling
which took a mean of 126 minutes (P�0.001). None of the

swine developed significant hemolysis, arrhythmias, or
bleeding.

Clinical experience with extracorporeal circuits to
induce hypothermia has been limited to a few centers,72

and only one report in patients with cardiac arrest. Nagas
et al. treated 50 patients with out-of-hospital cardiac arrest
with standard CPR and, if there was no response, with
emergency cardiopulmonary bypass plus intra-aortic
balloon pumping.42 Subsequently, patients with systolic
blood pressure above 90 mmHg and Glasgow coma cardiac
arrest score of 3 to 5 received mild hypothermia (34 ºC for
2 days), induced by extracorporeal coil cooling. Mild
hypothermia was induced in 23 patients, and 12 (52%) of
them showed good recovery.

Pharmacological techniques
In most patients, the induction of hypothermia requires
some therapy assistance to suppress shivering. In con-
scious patients, sedation alone is used; however, the
optimal combination of pharmacological agents is uncer-
tain, but meperidine and buspiridone are widely used
to suppress shivering. In general, comatose, ventilated
patients are treated with a muscle-relaxant as well as seda-
tive drugs.

Recently, use of magnesium bolus and infusion has been
evoked to facilitate induction of hypothermia. In a study of
patients with stroke in whom hypothermia (34.5 �C) was
induced by surface cooling,73 patients received meperidine
alone, meperidine plus buspirone, meperidine plus
ondansetron, or meperidine, ondansetron, and magne-
sium sulfate 4- to 6-g i.v. bolus of magnesium sulfate was
followed by 1 to 3 g per hour infusion. Patients who
received magnesium sulfate had a slightly decreased time
to achieve a tympanic temperature of 35 ºC and also had
significantly higher mean comfort scores.

In a similar study, Wadhwa studied 9 healthy volunteers
who were assigned to either placebo or magnesium
(80 mg/kg) followed by infusion at 2 g/hour.74 Lactated
Ringer’s solution (4 ºC) was infused via a central venous
catheter to decrease tympanic membrane temperature by
about 1.5 ºC/hour. Magnesium reduced the shivering
threshold from a mean of 36.6 ° to 36.3 °C (P�0.04).
Although this change is statistically significant, this very
small drop in the temperature of shivering threshold is
unlikely to be clinically important.

Another pharmacological agent that may be useful in the
future in induction of hypothermia is a neurotensin ana-
logue. Specific receptors for neurotensin, an endogenous
tridecapeptide, are found throughout the central nervous
system of mammals, including rats and humans.
Neurotensin is elevated in mammals during hibernation,
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and is thought to induce hypothermia by activation of neu-
rotensin receptors in the brain.

Recently, a neurotensin analog has been developed that
can be administered intravenously, which may provide a
practical method for rapidly inducing hypothermia within
minutes without sedation or general anesthesia. In addi-
tion, when neurotensin degrades over 24 hours, the core
temperature returns to normal without external applica-
tion of heat. This has been studied in a rat model of asphyx-
ial cardiac arrest by Katz et al.,75 in which the animals were
randomized to normothermia, brief external cooling (6
hours), prolonged external cooling (24 hours), or neu-
rotensin administration 30 minutes after cardiac arrest.
The animals with neurotensin-induced hypothermia had
improved neurological outcome comparable to prolonged
external cooling and improved outcome compared with
the brief external cooling, but the feasibility and safety of
this drug in humans is currently unknown.

Partial liquid ventilation with cold perflurocarbon
It has been known for many years that mammals can
survive prolonged immersion in oxygenated perfluorocar-
bon (PFC) liquids. The principle of ventilation with oxygen-
carrying fluids was subsequently developed to allow partial
liquid ventilation in patients with respiratory failure, where
it was proposed that the lung/fluid interface would be
superior to the lung/gas interface. A clinical trial, however,
did not demonstrate patient benefit by this approach.76

Nevertheless, instillation into the lungs of a large volume
of ice-cold PFC would be expected to provide rapid core
cooling, while still allowing adequate oxygenation and
ventilation. This has only been studied in animal models at
this time.77

Body cavity lavage
A number of studies have examined the effects of lavage of
various body cavities with ice-cold fluid: these include
gastric lavage with cold water, and bladder and peritoneal
lavage with cold sterile saline.

Plattner et al. compared several of these cooling tech-
niques with surface cooling in volunteers.55 In addition
to surface cooling techniques (ice water immersion)
described previously, Plattner also studied gastric lavage
(500 ml of ice water every 10 minutes) and bladder lavage
(300 ml of iced Ringer’s solution every 10 minutes). The
first volunteer developed abdominal cramping and diar-
rhea after gastric lavage and this technique was not used
again. Bladder lavage, however, decreased core tempera-
ture by 0.8 ºC /hour, consequently this technique may be a
useful adjunct to cooling, but it requires considerable
additional nursing time to maintain the fluid exchanges.

Peritoneal lavage has been studied by Xiao et al. in a dog
model:78 2 litres of Ringer’s solution at 10 °C were instilled
into the peritoneal cavity, left for 5 minutes, and then
drained. Tympanic membrane temperature decreased by a
mean of 0.3 °C/min. In addition, pulmonary artery tem-
perature decreased by a mean of 0.8 °C/min. Although
insertion of a peritoneal catheter and core rewarming in
the Emergency Department has been described for
patients with accidental hypothermia, peritoneal cooling
has not been studied in postcardiac arrest patients.

Selective brain cooling
To avoid possible complications of systemic hypothermia,
isolated brain cooling would be preferable, if this were
technically possible. Cannulation of the carotid vessels
and the infusion of cooled blood into the cerebral circula-
tion was studied by Mori et al.79 In a swine model of cardiac
arrest, VF was induced and cardiac arrest (without CPR)
was allowed for 20 minutes. Extracorporeal bypass was
then instituted to restore coronary and cerebral perfusion,
followed by restoration of cardiac rhythm. Some animals
received selective brain hypothermia (32 ºC) for 12 hours
by use of femoral/carotid bypass. There was significant
improvement in the neurohistology scores in the selective
brain-cooled animals as compared with those of the nor-
mothermic cohort. Nevertheless, given the modest side
effects of systemic hypothermia, and the potential compli-
cations of cannulating the carotid arteries under emer-
gency conditions, this approach is unlikely to be used in
the near future.

Maintenance of hypothermia
The optimal duration of IH after cardiac arrest resuscita-
tion is uncertain. The Australian studies used 12 hours,17

whereas the European study used 24 hours.13 Whichever
period is chosen, careful control of core temperature
during this period is required.

Once a core temperature of 33 °C is reached by one of the
techniques described above, adult patients usually become
poikilothermic and shivering is largely abolished. The judi-
cious use of sedation rather than pharmacological paraly-
sis may be all that is required to maintain this core
temperature. If the core temperature starts to rise
(�33.5 �C), additional sedation and/or a muscle relaxant
may be administered and ice packs applied to the head,
neck, and torso of the patient. If available, a surface or core
cooling technology (as described above) would be useful. If
temperature decreases (�32.5 �C), ice-packs should be
removed and paralyzing drugs withheld while a heated-air
blanket is applied. The use of either surface cooling or
endovascular cooling (as described above) with feedback
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controls considerably simplifies the maintenance of IH in
the critical care unit.

Rewarming from hypothermia
Active rewarming after a period of IH requires the use
of either external heating or endovascular warming to
increase core temperature. Some animal data suggests that
rewarming from hypothermia should be undertaken
slowly.80 During this time, any shivering must be com-
pletely suppressed with sedation. In addition, rewarming
may result in peripheral vasodilatation, and (warmed)
i.v. fluid therapy may be needed to maintain blood
pressure.

Summary

After resuscitation from prolonged out-of-hospital cardiac
arrest, current evidence suggests that the comatose patient
should be treated with mild hypothermia to improve neu-
rological and overall outcome. Induction of hypothermia
requires administration of a large dose of a long-acting
muscle relaxant followed by the rapid infusion (�100 ml/
min) of ice-cold i.v. crystalloid fluid (i.e., normal saline or
lactated Ringer’s solution) to a total volume of 40 ml/kg.
Current evidence suggests that this is only rarely associ-
ated with development of pulmonary edema.

To prevent rewarming, surface cooling should be initi-
ated and core temperature monitored using a bladder tem-
perature probe. Hypothermia should then be maintained
for 12–24 hours, and rewarming undertaken over 6–12
hours. Maintenance of hypothermia and later rewarming
are most accurately achieved with endovascular or surface
cooling devices that have feedback control.

At this time, the use of extracorporeal circuits and/or
selective cerebral cooling is expensive and usually not
feasible in most hospitals. It is unlikely that such
advanced technologies will be shown to be superior to
simpler techniques.

Mechanisms and potential side effects of therapeutic
mild hypothermia (Poldermann)

Introduction
To apply hypothermia effectively in a clinical setting, it is
important to be aware of the mechanisms underlying this
treatment, as well as the potential side effects of the treat-
ment. Insufficient understanding of these mechanisms
and side effects can decrease their effectiveness, or at worst
even lead to treatment failure, as illustrated by early exper-
iences with induced hypothermia in treatment of cardiac

arrest, traumatic brain injury, and for other indications in
the 1950s and 1960s.81–83 At that time hypothermia was
presumed to exert its effects exclusively through tempera-
ture-dependent reductions in metabolism, leading to a
decreased demand for oxygen and glucose in the brain. It
is now known that there are multiple effects on the body, as
discussed in previous sections, and that the failure of treat-
ment was largely due to the use of temperatures that were
too low, lack of understanding of the underlying mecha-
nisms, and failure to treat harmful side effects.

The most important breakthrough in treatment was the
realization that neurological outcome could be improved
by mild-to-moderate hypothermia (31 °–35 oC) rather than
deep hypothermia (�30 oC), with far fewer and less severe
side effects. This new insight stemmed from the observa-
tion that the protective effects of hypothermia were not
exclusively due to a decrease in oxygen and glucose con-
sumption in the brain. Rather the mechanisms involved
were far more complicated.

Numerous destructive processes (collectively termed
“postresuscitation disease”) begin minutes to hours after
an initial (ischemic or traumatic) injury, can continue for
hours to several days after initial injury, and can be re-
triggered by new episodes of ischemia. Importantly, all of
these processes are temperature dependent; thus, they are
all stimulated by fever, and can all be mitigated or blocked
by mild to moderate hypothermia. The wide-ranging effect
of hypothermia on all of these mechanisms may explain
why it has proved to be clinically effective, whereas studies
with agents that affect just one of the destructive processes
have been far less successful.85,86

The second important development was the advent of
intensive care units to care for critically ill patients. The
side effects of hypothermia are far more easily managed in
this setting, and the methods for inducing and maintaining
hypothermia at a specified level (discussed earlier) have
improved significantly since the 1950s.

From studies on mechanisms underlying hypothermia’s
protective effects, it is clear that the key factors determin-
ing the success or failure of hypothermia treatment are
speed of induction of hypothermia, duration of cooling,
speed of rewarming, and prevention of side effects. Since
relative contributions of different destructive mechanisms
to the ongoing postresuscitation injury may differ, avail-
able “windows of opportunity” for therapeutic interven-
tions such as hypothermia may vary, as well as the required
duration of hypothermia. Better understanding of the
underlying mechanisms may help us to target our treat-
ments more specifically and help improve outcome.

With respect to side effects of hypothermia, some are
intrinsically linked to the protective effects. For example,
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hypothermia-associated immunosuppression which leads
to the suppression of harmful inflammatory processes in
the brain and heart, but also to increased risk of wound
infections and pneumonia, as observed in various clinical
studies.84

As discussed above, animal models can be roughly
divided into global and focal injury models, to study
global anoxia (cardiac arrest model) as well as traumatic
brain injury, ischemic stroke, and subarachnoid hemor-
rhage. Hypothermia has been shown to improve neuro-
logical outcome in all of these models and in the
overwhelming majority of animal experiments, provided
that hypothermia was applied quickly enough.
Nonetheless, reproducing these results in clinical trials
has proved difficult, because the relative importance of
different injury mechanisms may differ between humans
and animals, and also among different animal species.
Thus, a specific treatment that decreases histological
brain damage in rats may also be effective in humans, but
the effect may be too small to be clinically significant.97,98

In addition, specific treatments may modify or inhibit a
specific destructive mechanism that plays a central role in
the development of injury in a particular animal model,
but is far less important in humans.87,88 The potentially
positive effects of hypothermia may be overestimated on
the basis of animal experiments; the brains of some
animals, especially small animals such as rodents, appear
to be more responsive to neuroprotection than is the

human brain. But the protective effects may also be
underestimated if only one mechanism and/or one
animal model is examined. For example, many animal
studies have focused on the influence of hypothermia on
the so-called neuroexitotoxic cardiac arrest, which
involves a severe disturbance of intracellular ion home-
ostasis following an ischemic event.87–89 This destructive
mechanism is a central feature of postischemic injury,
and any potential neuroprotective effect depends on the
ability of a treatment to influence this particular mecha-
nism. Moreover, various studies in different animal
models have shown that the time window to influence
this neuroexcitatory cardiac arrest may be limited,
ranging from an upper limit of about 120 minutes to as
low as 10 minutes.90 Thus if the benefits of hypothermia
were linked to its influence on the neuroexitatory cardiac
arrest alone, a “window of opportunity” of about 2 hours,
would be expected. Clinical studies have shown improved
neurological outcome in patients who remain comatose
after cardiac arrest even when induction of hypothermia
was delayed for up to 8 hours,13 strongly suggesting that
different mechanisms are probably affected simultane-
ously when hypothermia is induced.

Potential mechanisms underlying the protective effects
of hypothermia
The mechanisms described in more detail below are sum-
marized in Fig. 49.3.
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Decrease in cerebral metabolism
When first applied in a clinical setting, hypothermia was
presumed to exert protective effects due to a slowing of
cerebral metabolism, leading to a decrease in glucose con-
sumption and oxygen demand. Indeed, cerebral metabo-
lism is reduced by between 5% and 8% for each oC reduction
in body temperature during induction of hypothermia.91

Therefore, these early trials attempted to decrease meta-
bolic rates as much as possible, by lowering body tempera-
ture as far as possible. But it was found not only that
protective effects could be achieved with mild hypothermia
(31 °–34 oC); but that the protective effects of cooling
appeared to be much greater than could be explained by
changes in metabolism alone.92 Thus, although a decrease
in metabolism and oxygen demand is one of the mechan-
isms underlying hypothermia’s protective effects, other
mechanisms are equally or more important.

Apoptosis, calpain-mediated proteolysis, and
mitochondrial dysfunction
After a period of ischemia and reperfusion, cells can
become necrotic, fully or partially recover, or enter a path
leading to apoptosis or programmed cell death. Whether a
cell will become apoptotic is determined by a number of
cellular processes, including mitochondrial dysfunction
and disorders in cellular energy metabolism and the
release of various enzymes, the caspases. Numerous
studies have shown that hypothermia can interrupt the
apoptotic pathway and prevent cell injury from leading to
apoptosis.93 Hypothermia probably acts at the early stages
of the apoptotic process94 by influencing mechanisms
involved in apoptosis initiation, including inhibition of
caspase enzyme activation,93,94 prevention of mitochon-
drial dysfunction,95 decreased overload of excitatory
neurotransmitters, and modification of intracellular ion
concentrations. Apoptosis is one of the destructive
processes that begins relatively late in the postperfusion
phase and continues for 48–72 hours or even longer.96

Thus, prevention or mitigation of apoptosis can be influ-
enced for some time after injury, which in theory provides
a wide window of opportunity for therapeutic interven-
tions such as hypothermia. Thus, influencing apoptotic
pathways could play an important role in human neuro-
protection and reducing postresuscitation injury.

Ion pumps and neuroexcitatory cardiac arrest
A large body of evidence suggests that hypothermia inhibits
harmful excitatory processes occurring in brain cells during
ischemia and reperfusion. Levels of high-energy metabo-
lites such as adenosine triphosphate (ATP) and phospho-
creatine in brain cells decrease within seconds when

oxygen supply to the brain is interrupted.91 The breakdown
of ATP and the switch of intracellular metabolism to anaer-
obic glycolysis leads to an increase in intracellular levels of
inorganic phosphate, lactate, and H�, resulting in both
intra- and extracellular acidosis and an influx of calcium
(Ca2�) into the cell. Loss of ATP and acidosis also inhibit
mechanisms that normally deal with excessive intracellular
Ca2� by sequestration of Ca2� from the cell, further aggra-
vating intracellular Ca2� overload. These problems are
compounded by failure of ATP-dependent Na�–K� pumps
and K�, Na�, and Ca2� channels, leading to an additional
influx of Ca2�.89 Excess Ca2� can induce mitochondrial dys-
function (increasing intracellular calcium influx further, in
a vicious cycle) and activate numerous intracellular
enzyme systems (kinases and proteases). In addition,
immediate early genes are activated and depolarization of
neuronal cell membranes occurs, with release of large
amounts of the excitatory neurotransmitter glutamate into
the extracellular space.89 This leads to prolonged and exces-
sive activation of membrane glutamate receptors, further
stimulating Ca2� influx through activation of Ca2� channels
again in a vicious cycle. Under normal circumstances,
neurons are exposed to only very brief pulses of glutamate;
when exposed to glutamate for prolonged periods of time,
the neurons remain in a permanent state of hyperexcitabil-
ity (the “excitotoxic cardiac arrest”), which can lead to addi-
tional injury and cell death. Moreover, high levels of
glutamate can be neurotoxic, especially in energy-deprived
cells. Activation of glutamate receptors can persist for some
time after reperfusion, even when glutamate levels have
returned to normal, which may also mediate brain cell
death. Together, ischemia and reperfusion interrupt a deli-
cate balance between calcium influx and sequestration at
the cellular level.

Numerous animal experiments have clearly demon-
strated that key destructive processes of the neuroexitatory
cardiac arrest (such as calcium influx, accumulation of glu-
tamate, and the release of its co-agonist glycine) can be pre-
vented, interrupted, or mitigated by hypothermia.26,89,97,98

Even a relatively small decrease in temperature can signifi-
cantly improve ion homeostasis, whereas the occurrence
of fever can trigger and/or stimulate these destructive
processes.

The “window of opportunity” available to interrupt the
problems described above remain unclear. Disruptions in
Ca2� homeostasis begin in the first minutes after injury, but
continue in the hours or even days following ischemia, and
can be retriggered by each new episode of ischemia.
Although, in theory, this would again provide a significant
time window for therapeutic interventions such as
hypothermia, some animal experiments suggest that the
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process can be blocked or reversed only if the treatment is
initiated in the early phases of the neuroexitatory cardiac
arrest.12,29,87,90,91 Other studies have reported time frames
possibly due to different types of injuries and ranging from
30 minutes to up to 6 hours in different species.8–11,34,35,99–103

Some authors have suggested that the therapeutic window
for hypothermia could be extended by combining it with
other treatments, such as caspase use of inhibitors or other
experimental compounds.87,104,105

Immune response and inflammation
In most types of brain injury a significant and protracted
inflammatory response begins about 1 hour after a period
of ischemia and reperfusion: pro-inflammatory mediators
such as tumor necrosis factor-alpha (TNF�) and inter-
leukin-1 (IL-1) are released in large quantities by astro-
cytes, microglia, and endothelial cells, and levels begin to
rise 1 hour after reperfusion and remain elevated for up
to 5 days.91,106 This stimulates the chemotaxis of activated
leukocytes across the blood–brain barrier and leads to an
accumulation of inflammatory cells in the injured brain, as
well as the appearance of adhesion molecules on leuko-
cytes and endothelial cells. Simultaneously, there is an
activation of the complement system, beginning in the
very early stages after brain injury further stimulating the
passage of neutrophils and (in later stages) monocytes/
macrophages.106 These inflammatory and immunological
responses occur predominantly during reperfusion and
are accompanied by production of free radicals (see
below). Such responses can cause significant (additional)
injury through the phagocytic actions of macrophages,
synthesis of toxic products, and further stimulation of
immune reactions in a vicious cycle.

Notably, however, this inflammatory response is in part
physiological, and may have a “dual role” in that some
inflammatory mediators have neuroprotective properties,
while others are neurotoxic.106 Nevertheless, there is strong
evidence indicating that a disproportionate and persistent
production of cytokines and leukocyte infiltration can sig-
nificantly increase the risk and extent of brain cell injury
and infarction;106 the interleukin-1 family appears to be
particularly important in this regard.107 Of note, this effect
is partly time-dependent, with the destructive aspects of
inflammation outweighing the potential benefits, espe-
cially in the later stages of injury.106

Numerous animal experiments and also some clinical
studies have shown that hypothermia suppresses
ischemia-induced inflammatory reactions and release of
pro-inflammatory cytokines in animal and clinical
studies.108,109 Apart from its effect on cytokine levels,
hypothermia also prevents or reduces reperfusion-related

DNA injury, lipid peroxidation, and leukotriene produc-
tion,26,110,111 as well as decreasing production of nitric
oxide, a key agent in development of postischemic brain
injury.89 In animal experiments the extent of brain injury
and infarct size can be significantly reduced if any of these
processes is mitigated or interrupted;89 thus because
hypothermia can affect all of these steps there is (at least
in theory) a huge potential for improving neurological
outcome. Moreover, as the inflammatory response begins
relatively late (�1 hour) following ischemia and reperfu-
sion, and as the destructive processes require time to
develop fully and then continue for prolonged periods of
time, they provide a clear therapeutic window for applica-
tion of hypothermia to reduce the inflammatory response.

Free radical production
A destructive process that is closely linked to, but distinct
from the mechanisms discussed above is the release of
oxygen free radicals following ischemia and reperfusion.
Mediators such as superoxide (O2

�), peroxynitrite (NO2
�),

hydrogen peroxide (H2O2), and hydroxyl radicals (OH�)
play important roles in determining whether injured cells
will recover or die.97,110 Free radicals can oxidize and
impair numerous cellular components, and although
brain cells have enzymatic and non-enzymatic antioxi-
dant mechanisms to prevent this type of injury, the levels
of free radical production following ischemia/reperfusion
are so high that these defensive mechanisms are probably
overwhelmed, resulting in peroxidation of lipids, proteins,
and nucleic acids. Whereas hypothermia does not inhi-
bit free radical production completely, it significantly
decreases the amounts of free radicals that are pro-
duced97,110 allowing the endogenous protective (antioxi-
dant) mechanisms to cope better with the free radicals
that are released, and thereby preventing or significantly
mitigating the peroxidation of lipids, proteins, and nucleic
acids. If free radical production is sufficiently reduced, the
cell can recover. The degree of inhibition of free radical
production parallels the degree of hypothermia, i.e., the
lower the temperature, the lower the amount of free
radicals.

Vascular permeability, blood–brain barrier disruption, and
edema formation
Ischemia/reperfusion leads to disruptions in the blood–
brain barrier (BBB), which can significantly increase sub-
sequent development of brain edema.112–114 Therapeutic
interventions such as mannitol administration in trau-
matic brain injury or stroke can add to the BBB disrup-
tion,113 whereas mild hypothermia significantly reduces
the disruptions in the BBB;112–114 in addition, vascular
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permeability after ischemia-reperfusion injury is also
decreased, which further decreases edema formation.115

Moreover, in support of this concept, induction of
hypothermia decreases the extravasation of hemoglobin
after traumatic brain injury.116 Ischemia and reperfusion
can also affect the integrity of the blood–brain barrier in
other ways, including decrease in fluidity and integrity of
cell membranes and increase in vascular permeability of
microvascular endothelial cells in the brain mediated by
vascular endothelial growth factor (VEGF) via the release
of nitric oxide.117 These processes of membrane disinte-
gration and hypoxia-induced permeability changes can
be relieved or reversed by hypothermia.117

In the clinical setting, the development of brain edema is
usually assessed by measuring the intracranial pressure
(ICP), which can be regarded as a “final common pathway”
for all the destructive processes leading to brain edema.118

Intracranial hypertension and brain edema can also cause
development of additional neurological injuries in
patients with TBI and stroke as well as causing additional
injuries and critically determining outcome in encephali-
tis and meningitis. Some evidence suggests that brain
edema can also affect posthypoxic injury after cardiac
arrest.119

Since ICH appears to be both a marker for ongoing neu-
rological injury and a cause of additional injury,118 it seems
reasonable that treatments that decrease ICP can also help
improve neurological outcome. For example, in patients
with traumatic brain injury, ICP is frequently used as a key
index to guide treatments and to judge treatment effec-
tiveness.120

Notably, although hypothermia has been shown to
decrease ICP in many clinical studies, the results in
improving survival and neurological outcome have been
more mixed.84,118 with some large trials failing to show any
benefits of induced hypothermia.121 These variable results
may be related in part to the management of the side
effects of hypothermia;84,118 see next section below. Speed
of induction and the depth and duration of hypothermia
may also be important, as evidence suggests that whether
or not a lasting protective effect is achieved is critically
dependent on these factors.36,84

Intra- and extracellular acidosis and cerebral metabolism
The diminished integrity of cell membranes, the failure of
various ion pumps, development of mitochondrial dys-
function, inappropriate activation of numerous enzyme
systems with cellular hyperactivity, and the disruption of
various other intracellular processes all contribute to the
development of intracellular acidosis, a factor that power-
fully stimulates many of the abovementioned destructive

processes.122,123 Ischemia/reperfusion also leads to signifi-
cant rises in cerebral lactate levels, which can be effectively
attenuated by hypothermia.122,123 In addition, utilization of
brain glucose is affected by ischemia/reperfusion, and
some evidence suggests that hypothermia can improve
brain glucose metabolism.124 Both short- and long-term
changes in cerebral metabolism may also develop follow-
ing TBI, where various animal experiments and some clin-
ical observations have reported initial increases in cerebral
glucose metabolism (lasting for several hours) followed by
a persistent decrease in metabolic rate, with depression of
mitochondrial oxidative phosphorylation and glucose uti-
lization lasting for several weeks.125 Various studies have
shown that hypothermia induced during and after reper-
fusion increases the speed of metabolic recovery, with
better preservation of high-energy phosphates and
reduced accumulation of toxic metabolites.125

Brain temperature and cerebral thermo-pooling
Even in healthy individuals the temperature of the brain
may be somewhat higher than the measured core temper-
ature. This difference can increase significantly in some
patients after neurological injury, with differences ranging
from 0.1 �C to more than 2 oC.51,126,127 Moreover, even in
healthy subjects there may be small differences in temper-
ature between different areas of the brain, which can
increase significantly when brain injury occurs, with
injured areas becoming more hyperthermic than non-
injured ones128 because of the destructive “hyperactivity”
of injured cells caused by the mechanisms outlined above.

Strong evidence from animal studies establishes that
(external) induction of hyperthermia significantly increases
the risk and extent of neurological injury,129–131 because
hyperthermia may promote necrosis and apoptosis in
ischemic areas, even when fever develops (or is externally
induced) some time after the initial injury. For example,
Baena et al. demonstrated that moderate, transient whole-
body warming to 39 �C–40 �C for 3 hours, induced 24 hours
after a brief episode of forebrain ischemia in rats, induced a
2.6-fold increased neuronal injury in the hippocampus,129

suggesting that fever even of short duration can be
detrimental on the day after injury. Moreover, these effects
become more pronounced when hyperthermia coincides
with cerebral ischemia, suggesting that ischemic brain cells
become even more susceptible to the harmful effects of
hyperthermia than do reperfused ones.132

Numerous clinical studies have confirmed that fever is
indeed an independent predictor of adverse neurological
outcome and mortality in stroke, TBI and post-anoxic
injury.133–136 Azzimondi and associates prospectively
observed stroke patients and noted that developing fever
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was associated with a 3.4-fold increase in the risk for adverse
outcome, with a 95% CI of 1.2 to 9.5.134 Castillo and associ-
ates reported that fever developing within 24 hours after
stroke onset was independently related to larger infarct
volumes (OR 3.23, 95% CI 1.63 to 6.43) and higher neurolog-
ical deficits (OR 3.06, 95% CI 1.70 to 5.53) at 3 months.135

Kammersgaard  et al. reported that each 1 oC increase of
body temperature on admission independently predicted a
30% relative increase in long-term mortality risk, with a 95%
CI of 4% to 57%.136

Although it has not yet been conclusively proven that
fever itself increases neurological injury rather than just
being a marker for it, the temporal relationship and the
results from animal studies129–131 strongly suggest that it is.
This is in accord with observations from other animal
studies that induction of mild hypothermia can prevent
fever-related neurological injuries and improves tissue tol-
erance for ischemia.84,137–139

Coagulation activation and formation of micro-thrombi
Various studies have shown that cardiopulmonary arrest
and resuscitation are accompanied by a marked activation
of coagulation, which can lead to intravascular fibrin for-
mation with blockage of the microcirculation in the brain
and heart.140,141 Administration of anticoagulants such as
heparin and rt-PA has been shown to improve microcircu-
latory reperfusion and survival in various animal experi-
ments;141,142 in addition, thrombolysis can improve cerebral
tolerance to ischemia.143 Preliminary clinical observations
suggest that administering thrombolytic agents to cardiac
arrest patients during the very early stages of CPR can
indeed improve neurological outcome and survival.144

Thus it appears that relatively mild ones, anticoagulants
(e.g., low-dose heparin) or more powerful ones (e.g., rt-PA)
can improve neurological and cardiac outcome in the early
stages of ischemia/reperfusion, by enhancing the micro-
circulation and removing micro-thrombi. Hypothermia
also induces a mild bleeding diathesis, through combined
effects on platelet count, platelet function, and the co-
agulation cascade.145–150 The anticoagulation effect of
hypothermia could provide yet another mechanism for its
neuroprotective and cardioprotective effects. But although
this hypothesis seems plausible, as outlined above140–144,151

the concept remains speculative, as there are no studies
directly addressing this issue.

Vasoactive mediators
Some evidence suggests that hypothermia can influence
the local secretion of vasoactive substances by the
endothelium, such as endothelin, thromboxane A2 (TxA2)
and prostaglandin I2, in the brain and at other sites.

Endothelin and TxA2 are both powerful vasoconstrictive
agents, while prostaglandin I2 is a vasodilator; thrombox-
ane can also induce platelet aggregation.152 These two
agents play an important role in regulating local cerebral
blood flow, and a balance between the two is required to
maintain homeostasis.152 There is also some evidence sug-
gesting that this local homeostasis may be disrupted after
an ischemic and/or traumatic event, with a relative
increase in the production of thromboxane.153 Such dis-
ruptions in equilibrium could lead to vasoconstriction and
therefore to hypoperfusion and/or thrombogenesis in
injured areas of the brain.

This local imbalance in vasoactive mediator production
with a relative predominance of vasoconstrictors can be
corrected or modified by hypothermia.111,154,155 Thus,
Aibiki et al. reported that induction of moderate hypo-
thermia (32 °–33 oC) led to a reduction in prostanoid pro-
duction and attenuation of the imbalance between
thromboxane A2 and prostaglandin I2 in patients with
traumatic brain injury.154 Chen et al. observed decreased
production of the vasoconstrictor endothelin-1 associated
with hypothermia.155 Although such preliminary evidence
suggests that hypothermia may favorably affect secretion
of vasoactive mediators, regulation of cerebral perfusion
especially in the injured brain is highly complex, and the
impact of hypothermia should be studied in greater detail.
Apart from the temperature, local cerebral circulation can
be influenced by numerous and highly diverse factors,
including the presence or absence of normal cerebral
autoregulation, ventilator settings and blood gas manage-
ment, and concomitantly administered treatments such as
mannitol and hypertonic saline, among others.

Improved tolerance for ischemia
Hypothermia has been shown to improve the tolerance for
ischemia in various animal models.156–158 For this reason, it
is widely used in the perioperative setting, especially in
major vascular surgery, cardiothoracic surgery and neuro-
surgical interventions. An ability to withstand periods of
ischemia more effectively would be an important potential
protective mechanism, because patients with different
types of neurological injury may develop periods of
ischemia for many days following their initial injury. In
patients with subarachnoid hemorrhage the development
of vasospasm every week after the initial bleeding episode
can lead to significant additional ischemic injury. The risk
of ischemia long after admission also applies to patients
after CPR, where evidence suggests that cerebral ischemia
may persist for several hours following successful resusci-
tation even when saturation and arterial oxygen levels are
normal.159 Thus an increased tolerance for ischemia could
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be yet another mechanism for beneficial effects of
hypothermia.

Role of epileptic activity and other mechanisms
Non-convulsive status epilepticus, i.e., epileptic activity
without obvious clinical signs and symptoms, occurs fre-
quently in patients with various types of brain injury
(including subarachnoid hemorrhage, stroke, TBI and
postanoxic encephalopathy).160–164 Whether non-convulsive
status epilepticus by itself causes permanent (additional)
brain injury remains somewhat controversial; however,
there is mounting evidence that brain injury can be signifi-
cantly increased when non-convulsive status occurs in the
acute phases of brain injury, i.e., while the destructive
processes outlined above are ongoing.160,161 Thus, although
the role of non-convulsive status epilepticus by itself has not
been fully clarified, when it occurs in combination with
acute brain injury the two are synergistically detrimental,
and can markedly increase brain injury.160,161

Evidence from various sources suggests that hypother-
mia can suppress epileptic activity. Various case reports and
case series have reported successful use of hypothermia in
the treatment of grand mal seizures.165,166 Animal studies
have shown that induction of hyperthermia increases the
extent of epilepsy-induced brain injury, while prevention
or prompt treatment of hyperthermia reduces these
injuries,167–169 and induction of hypothermia decreases
epilepsy-induced brain injury.169,170 Thus the anti-epileptic
effect of hypothermia may also explain its neuroprotective
effect.

In addition, an enhanced expression of various so-called
immediate early genes which are a part of the cellular stress
response to injury, and the induction of various cold shock
proteins that can protect the cell from different types of
injury including ischemia and trauma may also be added
to protection by hypothermia.171 There is evidence that
hypothermia can suppress so-called spreading depression-
like depolarizations, which can augment neuronal damage
in various types of brain injury.172 These mechanisms have
been studied mainly in TBI and stroke; their role in the
transient ischemic brain injury that characterizes cardiac
arrest, and the precise influence of induced hypothermia
on these processes, remain to be determined.

In summary, there are numerous mechanisms that may
underlie the protective effects of hypothermia in various
types of brain injury, and perhaps myocardial injury. That
hypothermia can influence so many of the destructive
mechanisms following ischemia and reperfusion may
explain why it has proved effective in a clinical setting, at
least in some situations, where other treatments have
failed or proved far less successful.

Different destructive mechanism may play a more or less
important role in different types of brain injury; in add-
ition, their relative mechanisms may vary among patients,
and even over time within the same patient. A more
detailed understanding of these processes will help us to
apply hypothermia treatment more effectively. The other
key element of a successful use of this treatment will be
avoiding side effects of hypothermia, as discussed below.

Side effects of induced hypothermia
Hypothermia induces physiological changes in virtually
every tract and every organ in the body. The kinetic prop-
erties of most enzyme systems are temperature-depen-
dent; thus the speed of various enzyme-mediated
reactions (including drug metabolism) is significantly
influenced by hypothermia, as well as circulatory, respira-
tory, and coagulation systems. The physiological changes
induced by hypothermia, as well as the implications that
this has for methods for inducing hypothermia, are dis-
cussed in a separate section above. Here we focus on the
most important side effects, those that require detailed
attention and management in a clinical setting. Of note
that this some changes induced by hypothermia, although
physiological, are nevertheless undesirable in critically ill,
neurointensive care patients and therefore require preven-
tive measures and/or treatment. In contrast, other conse-
quences of hypothermia are side effects, but pose no great
risk to the patient and thus usually do not require active
treatment. For example, mild hypothermia frequently
induces bradycardia and a decrease in cardiac output,
which rarely requires treatment. In contrast, hypothermia
induces insulin resistance and a decrease in insulin secre-
tion in many patients, which can lead to hyperglycemia.
This physiological consequence of hypothermia requires
aggressive treatment because hyperglycemia has been
shown to affect outcome adversely in critically ill
patients,173 and to have negative effects on neurological
outcome, by increasing brain injury during episodes of
ischemia.87,170

To discuss risks of side effects, hypothermic treatment is
considered in three phases: the induction, maintenance,
and rewarming. Each of these phases is associated with dif-
ferent problems and risks, and thus requires a different
management approach.

In general, the induction phase of hypothermia, before
the target temperature has been reached is where the risk
of short-term side effects, (e.g., electrolyte disorders and
severe disturbances of glucose metabolism), is greatest.
Patients tend to be most “unstable” during this phase, and
management is most difficult because many short-term
changes occur. For example, ventilator settings and dosage
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of vasoactive drugs usually require frequent changes, and
various metabolic measures should be carefully monitored
by frequent blood serum analysis. The risk of side effects of
cooling can be minimized by cooling patients rapidly to
reach the maintenance phase as quickly as possible. This
can be accomplished by using combinations of different
cooling methods, such as a combination of large-volume
infusion of cold fluids and surface cooling.174 Once the core
temperature decreases below33.5 oC, the patient tends
to become more stable, with less risk for fluid loss or intra-
cellular shifts, cessation or significant reduction of shiver-
ing, and no further major changes in hemodynamic
parameters.84,175,176

Once the maintenance phase commences, the risk of
acute side effects such as electrolyte disorders diminishes
(although some risk still remains). In this phase attention
should shift towards the prevention of longer-term side
effects such as pneumonia, wound infections, and bed
sores (see below).

The rewarming phase is also associated with electrolyte
disorders caused by shifts from the intracellular to the
extracellular compartment; this can be largely prevented
by slow and controlled rewarming, to preserve the neuro-
protective effects, rapid rewarming may reactivate the
destructive processes outlined above.

The most important side effects of induced hypothermia
are discussed below.

Arrhythmias, hemodynamic changes, and cardiovascular
effects
Mild hypothermia (32 °–34 oC) induces significant changes
in various hemodynamic parameters: cardiac output
decreases by about 25% through decreased contractility
and reduced heart rate. Central venous pressure usually
rises, as well as an increase in arterial resistance. A slight
rise in blood pressure, by 10 mmHg, is caused by
hypothermia-induced vasoconstriction of peripheral
arteries and arterioles. This effect is absent or less pro-
nounced in cerebral arteries, where the balance between
cerebral blood flow and cerebral metabolism (as measured
by oxygen and glucose utilization) is maintained or
improved.177,178 Under normal circumstances hypother-
mia also induces a small increase in central venous pres-
sure. These observations have been confirmed in clinical
trials in adults and in children.5,179

Hypothermia also induces electrocardiographic changes
and alterations in the heart rhythm. When hypothermic
treatment is first started and body temperature begins to
decrease from normothermia, patients will develop sinus
tachycardia, caused in part by a shift in circulatory volume
from the peripheral compartment, especially the skin, to

the core compartment. This leads to a relative increase in
the venous return to the heart, which can induce a con-
comitant increase in heart rate. As temperature decreases
further, below 35.5 oC sinus bradycardia ensues, with a pro-
gressive decrease in heart rate as temperature decreases
further. Typically, at core temperatures of 32� the heart rate
can decrease to around 40 beats per minute or even lower,
although there is a wide inter- and intra-individual vari-
ability. This decrease is caused by a decrease in the rate of
diastolic depolarization in the cells of the sinus node, and
is accompanied by EKG changes, including prolonged PR-
interval, widening of the QRS-complex, increased QT-inter-
val, and sometimes so-called Osborne waves. Diastolic and
systolic dysfunction may develop with decreased myocar-
dial contractility. Lower heart rate combined with dimin-
ished myocardial contractility leads to a decrease in cardiac
output of25% at temperatures of 33 °–34 oC. In general,
however, the decrease in metabolic rate is equal to or
greater than the decrease in cardiac output caused by the
bradycardia and decreased myocardial contractility. Mixed
venous saturation, which can be measured to determine
tissue oxygen extraction, usually remain unchanged or
increase reflecting an unchanged or improved circulatory
state. Thus hypothermia-associated bradycardia usually
does not require treatment. If treatment is considered
necessary, because of the mechanism underlying this form
of bradycardia, atropine will not be effective. Therefore,
stimulation of heart rate can be accomplished by adminis-
tering isoprenaline, by rewarming the patient to slightly
higher temperatures, or (in extreme cases) by inserting
a pacing wire, although the last-mentioned is very rarely
necessary.

The risk of developing clinically significant arrhythmias
is very low as long as the patient’s core temperature remains
above 30 oC. The risk of severe arrhythmia increases signif-
icantly if core temperature drops below 28 °–30 oC, espe-
cially if electrolyte disorders have also developed. When
arrhythmias do develop, they usually begin with atrial fib-
rillation (AF), which can be followed by more severe
arrhythmias including ventricular tachycardia (VT) and
ventricular fibrillation (VF) if temperature decreases
further. Importantly, mechanical manipulations can trigger
this transition from AF to VF, because the myocardium
becomes highly sensitive to mechanical manipulations
during hypothermia.180 Thus, performing chest compres-
sions because of extreme bradycardia this can easily lead to
a conversion of sinus rhythm to VF, or AF to VF. A major
problem is that once arrhythmias develop in hypothermic
patients, they are much more difficult to treat than at nor-
mothermia, because the myocardium becomes less
responsive to many cardiac and anti-arrhythmic drugs
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during hypothermia. As these problems are extremely rare
at temperatures above 28 °–30 oC, great care should be
taken to keep core temperatures above this limit. In our
center we routinely cool some patients to temperatures
very close to this limit (between 30.5 and 32 �C for refractory
intracranial hypertension) without encountering severe
arrhythmias, provided that electrolyte levels are carefully
monitored and promptly corrected.

The relative increase in venous return induced by
hypothermia can lead to an activation of atrial natriuretic
peptide and a decrease in the levels of antidiuretic
hormone (ADH). This (in combination with other mecha-
nisms such as tubular dysfunction, see below) can lead to
a marked increase in diuresis (“cold diuresis”), which if
uncorrected can lead to hypovolemia, renal electrolyte
loss, and hemoconcentration with increased blood viscos-
ity.181–183 The risk of hypovolemia is greater when the
patient is also treated with agents that can increase diure-
sis, such as mannitol in patients with traumatic brain
injury. The increased blood viscosity (of2% per �C
decrease in core temperature) can lead to problems in the
microcirculation; the abovementioned mechanisms com-
bined with tubular dysfunction can lead to severe elec-
trolyte disorders (see below) and to a rise in serum sodium
levels and osmolarity. Thus, careful attention should be
paid to intravascular volume and fluid balance in patients
treated with hypothermia, and hypovolemia should be
avoided or promptly corrected.

Coronary perfusion and ischemia
From various studies in postoperative patients the presence
of hypothermia is associated with increased risk of myocar-
dial infarction, and it is widely believed that hypothermia
can lead to coronary vasoconstriction and myocardial
ischemia. In addition, various studies have shown that acci-
dental hypothermia in the perioperative setting is associated
with an increased risk for morbid cardiac events.184,185 The
actual situation is more complex, in particular because the
result probably depends on the pre-existing condition
of the patient’s coronary arteries and on local factors: in
healthy subjects, mild hypothermia (around 35 �C) actually
increases coronary perfusion,186 whereas in patients with
coronary artery disease hypothermia can induce vasocon-
striction in severely atherosclerotic coronary arteries.187

Various animal experiments188–195 and preliminary clini-
cal studies have shown that hypothermia may actually
decrease myocardial injury after cardiac arrest, provided it
is initiated early enough.68,196,197 Thus, the question
whether hypothermia mitigates myocardial injury should
be addressed in further larger studies, available evidence
does not suggest that hypothermia increases this injury,

which might be the case if hypothermia caused vasocon-
striction in these patients.

Electrolyte disorders
Patients treated with induced hypothermia are at high risk
for developing electrolyte disorders, because of a combi-
nation of increased renal excretion of electrolytes and
intracellular shift.182 The mechanisms underlying the
increased renal excretion are altered volume regulation
and cardiac preload (see above) and tubular dysfunc-
tion.182 This is important because electrolyte disorders,
especially hypomagnesemia, may be associated with an
increased risk for adverse neurological outcome. In exper-
imental settings depletion of magnesium (Mg) leads to sig-
nificantly worse neurological outcomes after traumatic
injury, whereas administration of Mg during or some time
after the event substantially mitigates secondary injury
and reduces loss of cortical cells.198–201 Magnesium may
also play a role in prevention of reperfusion injury.202,203 In
addition, loss of Mg is associated with vasoconstriction of
cerebral and coronary arteries.204 Animal studies have
shown that administration of magnesium following
myocardial infarction is associated with reduced infarct
size and improved preservation of myocardial function.205

In clinical studies, hypomagnesemia has also been linked
to atrial and ventricular arrhythmias, neuromuscular
abnormalities with muscle weakness (including cardiac
insufficiency), bronchospasm, seizures, and metabolic
effects including decreased insulin sensitivity.204 Hypo-
magnesemia can also induce other electrolyte disorders
including hypokalemia, hypocalcemia, hyponatremia, and
hypophosphatemia.

In clinical studies, hypomagnesemia is an independent
predictor of adverse outcome both in critically ill ICU
patients and in less severely ill patients in the general
ward.206,207 It is specifically associated with adverse outcome
in patients with unstable angina or myocardial infarction,208

and administering magnesium has been shown to reduce
mortality and infarct size in these patients.209

With respect to other electrolyte disorders, hypokalemia
and hypophosphatemia can also have highly undesirable
effects, including arrhythmias, muscle weakness and neu-
romuscular abnormalities. Hypophosphatemia can induce
weakness of the diaphragm and respiratory muscles
leading to an increased risk of respiratory infections and
failure to wean, in infants as well as impaired myocardial
function and a decrease in cardiac output.204,210,211

The clinical consequences of hypokalemia (cardiac
arrhythmias, muscle weakness, rhabdomyolysis, renal
failure, and hyperglycemia) are usually well recognized,
and in most ERs and ICUs, potassium levels are measured
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promptly and frequently. The potential risks of disorders in
sodium metabolism in neurological injury are also usually
appreciated, as both hypo- and hypernatremia can signif-
icantly increase the severity of brain injury. Magnesium
and phosphate usually receive far less attention from ER
and ICU physicians, however. The list of potential compli-
cations of electrolyte disorders shows that preventing
hypothermia-associated electrolyte disorders should be
an important goal of therapy in patients treated with
induced hypothermia.

Levels of Mg, P, and K should be maintained in the high
or high-normal range in all patients with neurological
injuries. Of note, serum Mg levels do not always accurately
reflect true Mg status; intracellular Mg stores may be signif-
icantly depleted while serum Mg levels remain normal.204

This also applies to levels of ionized Mg, although this
better reflects the levels of “active” magnesium.

Hyperglycemia
As already discussed above, hypothermia can simultan-
eously decrease insulin sensitivity and reduce insulin
secretion by pancreatic islet cells. Thus, patients treated
with induced hypothermia will be at high risk for develop-
ing hyperglycemia, which is associated with increased
morbidity and mortality in critically ill patients. Strict
control of glucose levels with intensive insulin therapy can
reduce morbidity and mortality.173,212 Hyperglycemia is
associated with increased rates of infection, critical illness
neuropathy and renal failure.173 This strongly suggests
tight control of glucose levels when hypothermia is
induced in critically ill patients.

Other metabolic effects and blood gas analysis
Hypothermia leads to an increase in the synthesis of glyc-
erol, free fatty acids, ketonic acids, and lactate, this will
cause a mild metabolic acidosis in most patients, which is
a physiological consequence of hypothermia and does not
require treatment. In contrast to the pH levels measured
extracellularly, intracellular pH levels usually increase
slightly during hypothermia.

The decrease in metabolic rate (5%–8% per oC drop in
core temperature) also decreases oxygen requirements
and the synthesis of carbon dioxide (CO2). Thus the venti-
lator settings should be adjusted during induction of
hypothermia, and blood gases should be monitored fre-
quently especially during the induction phase of cooling.

Of note, the measurement of blood gases is influenced by
the temperature of the blood. In blood gas analyzers,
samples are warmed to 37 oC, so that when the actual
temperature differs significantly from 37 oC, these meas-
urements will not be correct. If blood samples from

hypothermic patients are rewarmed under vacuum-sealed
conditions, PO2 and PCO2 will be overestimated, and pH
underestimated. For example, in a patient with an uncor-
rected core temperature of 30 oC and PCO2 of 40 mmHg the
actual (corrected) PCO2 value would be 29 mmHg.213 In
the same patient with an uncorrected PO2 of 100 mmHg,
the value corrected for temperature will be 73 mmHg. True
pH is also underestimated, with hypothermia leading to a
more alkalotic status compared to normothermia (pH
increase0.011 pH unit/oC). In the example cited above,
the measured pH would be 7.40, whereas the true pH would
be 7.50. The concept of CO2 management in which the PCO2

obtained by measurement at 37 oC is kept constant (for
example, at 40 mmHg) regardless of the actual body tem-
perature is called alpha-stat. If the PCO2 value is corrected
for the actual body temperature, and is held constant at the
same level as during normothermia, this implies that the
“true” amount of CO2 will increase during hypothermia.
This concept of CO2 management is called pH-stat. In other
words, when alpha-stat CO2 management is applied, pH
that is not corrected for current body temperature remains
constant, while true pH increases because the actual PaCO2

has decreased. When pH-stat CO2 management is used true
pH remains constant, while pH that is not corrected for
temperature decreases.

Which method is superior in managing hypothermic
patients has not been settled. There is evidence to support
both methods.171,213 Supporters of the pH-stat method
argue that it leads to hyperventilation, hypocapnia and
hypocapnia-induced cerebral vasoconstriction, while pH-
stat management induces a degree of hypercapnia leading
to cerebral vasodilatation (provided cerebral autoregula-
tion is intact). The latter would be a more attractive option.
However, hypercapnia can impair or abolish cerebral
autoregulation, presumably because CO2-induced vasodi-
latation limits the vessels’ capacity to dilate further.171,214

This may mean that the body’s capacity to divert blood
to injured areas is impaired. In addition, some animal
studies suggest that respiratory alkalosis is physiologically
appropriate during hypothermia to preserve normal
physiological conditions.171

Regardless of which method of blood gas management is
chosen, physicians using mild hypothermia in their
patients should be aware of the effects of temperature on
blood gas analysis and on other laboratory measurements.
In addition, the effect of temperature on PO2 should be
taken into account in all cases, and the measured PaO2

should always be corrected for current body temperature
in hypothermic patients to maintain true PaO2 in the
normal range, regardless of the pCO2 management method
chosen.213

868 W. Behringer et al.



Coagulation measures
Hypothermia induces a mild bleeding diathesis, with
increased bleeding time due to effects on platelet count,
platelet function, the kinetics of clotting enzymes and plas-
minogen activator inhibitors, and other steps in the coagu-
lation cascade.145,147–149 Standard coagulation tests will not
show abnormalities unless they are performed at the
patient’s actual core temperature; similar to blood gas
analyses, the samples are usually warmed to 37 �C before
the clotting tests are performed. Even though the coagula-
tion defects can be caused by hypothermia, the risk of clin-
ically significant bleeding induced by hypothermia in
patients who are not already actively bleeding is very low.
None of the large clinical trials in patients with TBI, SAH,
stroke, or postanoxic coma reported significantly increased
risks of intracranial bleeding associated with hypothermia.
In patients who are already actively bleeding, for example
in multi-traumatized patients, the sites of bleeding should
be controlled before hypothermic therapy is initiated.

Infections
Hypothermia impairs immune functions and inhibits
various inflammatory responses. This side effect may
be advantageous in that impairment of harmful inflam-
matory reactions in the brain may be one of the mecha-
nisms through which hypothermia can be protective.
Nevertheless, hypothermia inhibits secretion of proin-
flammatory cytokines and suppresses leukocyte migra-
tion and phagocytosis. Hypothermia-induced insulin
resistance and hyperglycemia may further increase infec-
tion risks. Many of the clinical studies that induce
hypothermia for various indications have reported a
slightly, moderately or in some cases severely increased
incidence of pneumonia when hypothermia was used for
periods longer than 24 hours,212,214–216 but if hypothermia
is used for 24 hours or less no or only small increases in the
rates of infection were reported. Various studies suggest
that use of antibiotic prophylaxis in the form of selective
decontamination of the digestive tract can decrease ICU
mortality and colonization with resistant gram-negative
bacteria,217 and some evidence suggests that selective
decontamination can prevent infections during pro-
longed use of hypothermia.118,218 Thus antibiotic prophy-
laxis may be considered in patients treated with induced
hypothermia.

An increased risk of wound infections associated with
hypothermia has also been reported,219,220 which may be
related both to diminished leukocyte function and to
hypothermia-induced vasoconstriction in the skin. Thus
extra care should be taken in cooled patients to prevent
bed sores, which are more likely to progress and/or show

impaired healing. Extra attention should also be paid to
catheter insertion sites and to any surgical wounds.

Shivering
When hypothermia is induced, the body will employ
various mechanisms to generate heat and decrease heat
loss. The latter is accomplished mainly through increasing
sympathetic tone and through vasoconstriction in the
skin, while heat generation may be accomplished by shiv-
ering. Shivering can increase oxygen consumption by
between 40% and 100%,221 an undesirable effect in patients
with neurological and/or posthypoxic injury. This is less
problematic in mechanically ventilated patients, as the
work of breathing will not be increased by shivering.
Nevertheless shivering can also present a technical
problem by decreasing cooling rates; this problem is dis-
cussed more extensively elsewhere.

Shivering can be controlled by administration of seda-
tives, anesthetics, opiates and/or paralyzing drugs. In most
patients shivering can be significantly attenuated by rela-
tively small doses of opiates. When use of paralyzing agents
and/or opiates is deemed undesirable, alternatives include
administration of clonidine, neostigmine and ketanserine.
Care should be taken to avoid adverse effects, however; for
example, clonidine may worsen hypothermia-induced
bradycardia.

Other side effects
As already stated, hypothermia can significantly influence
drug metabolism and pharmacokinetics, because the
enzymes that metabolize most drugs are highly
temperature-sensitive. For many drugs commonly used in
the ER and ICU, the effect of (lower) temperatures is
unknown, because drug metabolism and clearance have
not been studied at different temperatures. Nonetheless, it
seems likely that the clearance of many drugs will be signif-
icantly decreased during hypothermia, as has been demon-
strated in clinical studies for propofol, fentanyl, muscle
paralysers and barbiturates.

Hypothermia can also lead to various changes in labo-
ratory measurements. The most frequently occurring
changes are shown in Table 49.2.

Finally, it is clear that most of the side effects of
hypothermia can be prevented or well controlled in an
appropriate intensive care setting. Patient management
problems will vary according to the depth and the duration
of hypothermia, and the underlying disease of the patient.
In general the use of hypothermia in patients with TBI
and stroke will present more problems than the use of
hypothermia in patients following cardiac arrest and
CPR.84 It is important that the medical and nursing staff
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members using induced hypothermia be aware of the
physiological and pathophysiological changes that can be
expected, and that they can determine which changes
require treatment and which do not (Fig. 49.3).

Prediction of neurologic outcome after cardiac
arrest in patients treated with therapeutic mild
hypothermia (Roine and Tiainen)

Global cerebral ischemia after cardiac arrest is a common
cause of extensive brain damage by multiple pathophysio-
logical mechanisms. The clinical syndrome related to
global cerebral ischemia is called hypoxic-ischemic
encephalopathy (HIE), the severity of which usually deter-
mines the outcome of cardiac arrest patients with restored
spontaneous circulation. Most patients resuscitated from
cardiac arrest are initially comatose. Early prediction of
neurological outcome in patients resuscitated from
cardiac arrest is a major ethical, medical and economical
challenge. To avoid falsely pessimistic prognosis, the prog-
nostic tests used in critical care are usually required to have
high specificity and a narrow confidence interval for poor
outcome, with less emphasis on sensitivity. When evaluat-
ing the prognosis of a comatose patient resuscitated from
cardiac arrest, a false prognosis of poor outcome can lead
to early withdrawal of care and thus carries a risk of a self-
fulfilling prophecy. On the other hand, a falsely optimistic
prediction may lead to unnecessary prolongation of inten-
sive care therapy and might prevent admission of other
patients who could benefit more.

Clinical status

The times from collapse to the start of basic and advanced
life support and especially to defibrillation correlate with
survival rate.222,223 The prognosis declines with increasing

duration of coma. No clinical findings on admission have
been proven to reliably predict poor outcome and no
attempt should be made to assess the neurologic progno-
sis on admission on clinical grounds. In a recent review
article, Booth et al. examined all 11 studies between years
1979 and 2000 that addressed clinical signs in outcome
prediction after cardiac arrest. They concluded that prog-
nostic assessment of outcome on clinical grounds is not
possible before 24 hours have elapsed, and motor signs are
not meaningful before 72 hours.224 This meta-analysis
included 1914 comatose survivors of cardiac arrest.
Patients sedated or anesthetized during the clinical exam-
ination were not included in the analysis. The most useful
signs predicting poor outcome were absent corneal and
pupillary reflexes, absent motor response at 24 hours, and
absent withdrawal to pain at 72 hours after cardiac
arrest.224 Heavy sedation and opiate analgesia are,
however, used much more frequently and in higher doses
than they were a few decades ago. Old prediction rules
based solely on clinical signs and the duration of coma are
therefore often outdated or should be revalidated.

Generalized myoclonus status has been reported to be a
terminal finding after cardiac arrest and to be incompati-
ble with recovery.225 Nevertheless, early myoclonic status
is not necessarily an agonal event.226 Therapeutic hypo-
thermia usually requires muscle relaxation to prevent
shivering, and this masks myoclonic jerking as well as
seizures.

Assessment of clinical status is also masked to some
extent by the use of therapeutic hypothermia. Induced
hypothermia requires muscle relaxation, sedation and
mechanical ventilation, which may complicate the clini-
cal assessment. Hypothermia may also induce changes
in drug metabolism and increase the duration of seda-
tive drug effects.220 The possible effect of individual med-
ications to a patient’s clinical status should always
be carefully considered. Our own experience is that the
sedative effect of both midazolam and propofol can be
significantly prolonged in hypothermia-treated patients.
Some of our patients did not recover consciousness until
day five after cardiac arrest, but made a good recovery
thereafter.

Serum markers
Neuron-specific enolase (NSE) is the neuronal form of the
intracytoplasmic glycolytic enzyme enolase. NSE is
located in neurons and in neuroectodermal cells. It is a
dimeric enzyme composed of two � subunits, with a mol-
ecular weight of 78 000 Dalton and biologic half-life of
about 24 hours. Neuronal damage and impairment of
blood–brain barrier integrity can be detected by release of
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Table 49.2. Most frequently occurring hypothermia-
induced changes in laboratory measurements

Increase in serum amylase levels

Mild-to-moderate thrombocytopenia (platelet count 30�1012 

–100�1012)

Increase in serum lactate levels (2.5–5 mmol/l) 

Hyperglycemia

Electrolyte disorders (low Mg, K, P, Ca) 

Increase in liver enzymes (SGOT and SGTP)

Mild metabolic acidosis

Mild coagulation disorders

Changes in blood gases



NSE into cerebrospinal fluid and eventually to the blood.
Increased levels of NSE in cerebrospinal fluid and serum
have been reported after ischemic stroke, intracerebral
hemorrhage, brain injury, and cardiac arrest. Several
studies have found high levels of serum NSE to be associ-
ated with poor outcome in patients resuscitated from
cardiac arrest.227–233

The S-100B protein is an acidic Ca2� binding protein
with a molecular weight of approximately 21 000 Dalton
and biologic half-life of 0.5 hour. The protein has two sub-
types: ��-heterodimer and ��-homodimer; the ��-form is
found in astroglial cells; and the ��-form is found pre-
dominantly in astroglial and Schwann cells, but it has also
been demonstrated in tumors such as melanoma, schwan-
noma, and highly differentiated neuroblastoma. Increased
serum levels of protein S-100B have been reported after
traumatic brain injury, stroke, cardiac arrest, and car-
diopulmonary surgery. High levels of serum S-100B after
cardiac arrest have been reported to correlate with unfa-
vorable neurologic outcome.230,232,234–237

We studied the time-course of serum NSE and S-100B in
hypothermia-treated cardiac arrest patients. The levels
of serum NSE were lower in hypothermia- than in nor-
mothermia-treated patients during the first 48 hours after
cardiac arrest. NSE values decreased between 24 and 48
hours in 30 of 34 patients (88%) in the hypothermia group
and in 16 of 32 patients (50%) in the normothermia group
(P�0.001). Furthermore, the decrease in NSE values was
associated with good outcome, and increase with poor
outcome at 6 months after cardiac arrest. The results
suggest that the time-course of serum NSE between 24
and 48 hours after cardiac arrest may aid in clinical
decision-making. Decreasing levels of serum NSE over
time may indicate selective attenuation of delayed neu-
ronal death by therapeutic hypothermia.238 In the same
study the levels of serum S-100B did not differ between the
two treatment arms. The serum S-100B levels decreased
between 24 and 48 hours in 17 of 34 (50%) patients in the
hypothermia group and in 15 of 33 (45%) patients in the
normothermia group, but the decrease in the levels
of serum S-100B during this time period was not related to
the outcome. However, in another study by Hachimi-
Idrissi et al., the serum S-100B levels decreased signifi-
cantly between admission and 24 hours after cardiac
arrest in the hypothermia-treated group.239 In our study
the ROC-analysis of serum NSE and S-100B at different
time-points revealed that cut-off values predicting
unfavorable outcome with a specificity of at least 95%
were higher in the hypothermia group. Unfortunately, the
sensitivity of these tests was remarkably poor in the
hypothermia group.238 The use of hypothermia seems to

reduce the prognostic value of both serum NSE and S-
100B in outcome prediction, which may be explained by
the neuroprotective effect of hypothermia, in preventing
the continuing injury and release of these ischemia
markers in the blood stream. Hypothermia is also known
to maintain the integrity of blood–brain barrier after
ischemic damage.240,241

Clinical neurophysiology
The short-latency median nerve somatosensory evoked
potentials (SSEP) have been found to predict accurately
permanent coma after cardiac arrest.242,243 A bilaterally
absent early cortical N20 response (first cortical response
occurring approximately 20 ms after stimulation to median
nerve at wrist) predicts permanent coma with a specificity
of 100% (95% confidence interval 99–100%) and thus the
median nerve SSEPs are the method of choice for predict-
ing outcome after cardiac arrest. Significant improvement
in SEP have been reported within 24 hours after ROSC,244

and allowing at least 24 hours after cardiac arrest is recom-
mended for obtaining a reliable prognosis based on SEP.
Moreover, normal cortical SEP responses do not guarantee
awakening from coma.

Short-latency SEP recording is a non-invasive, repro-
ducible technique that can be easily performed at the
bedside in the ICU. Short-latency SEPs are also quite resis-
tant to anesthetic agents. Induced hypothermia requires
muscle relaxation, which prevents the adjustment of SEP
stimuli intensity based on thumb twitch. The intensity of
the stimuli must be sufficient to evoke an ipsilateral supra-
clavicular response in patients with clinical muscle relax-
ation. Hypothermia of 33 �C reduces nerve conduction
velocity and delays early cortical N20 response. In a study
examining 30 still-hypothermic, comatose cardiac arrest
survivors at 24–28 hours after resuscitation, the cortical
N20 response appeared approximately 24 milliseconds
after the stimulus. Bilateral absence of short-latency corti-
cal potentials predicted permanent coma reliably also in
these patients.245

Long-latency SEPs (N70 response) have been found
useful in identifying patients with favourable outcome.246

Madl et al. also reported that the N70 long-latency sensory
evoked potential was more accurate in predicting individ-
ual outcome than a panel of three experienced emergency
physicians review clinical data 24 hours after cardiac
arrest.247 Because of the slowing of neural transmission
with hypothermia, the N70 cut-off values determined on
normothermic patients cannot be applied to hypothermic
patients. Recording of long-latency SEPs is more demand-
ing than recording of short-latency SEPs, since long-
latency SEPs are often less reproducible and more prone to
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artifacts than short-latency SSEPs, this may be an issue,
especially in the ICU environment. So far no studies exam-
ining long-latency SEPs in hypothermic cardiac arrest sur-
vivors have been published.

The prognostic ability of electroencephalography (EEG)
has also been studied in cardiac arrest survivors. EEG is
quite sensitive to drug effects and metabolic disturbances,
which limits its prognostic usefulness. Only EEG with
essentially complete generalized suppression after the first
day of the arrest in the absence of sedative or anesthetizing
drug effects is associated with invariably poor outcome.
Suppression of EEG, periodic complexes, epileptiform
activity, burst-suppression or alpha coma pattern does not
preclude the possibility of neurologic recovery, although it
usually indicates poor outcome.248 Serial EEGs may offer
supplemental information about the evolution of the
patient’s status. Mild hypothermia produces small changes
in the EEG,249 but no studies evaluating the prognostic
value of EEG findings in cardiac arrest patients treated with
hypothermia have been published.

Neuroradiological imaging
In the acute stage, conventional MRI or CT may be
useful for differential diagnosis. In hypoxic–ischemic
encephalopathy, later neuroradiological imaging may
reveal bilateral watershed infarcts, laminar cortical necro-
sis, and cerebellar, white matter, and basal ganglia lesions.
Neuroradiological imaging findings apparently have
limited prognostic value, except for absent intracranial cir-
culation or increased intracranial pressure. A normal con-
ventional MRI or CT does not exclude the diagnosis
of hypoxic-ischemic encephalopathy.250 FLAIR (fluid-
attenuated inversion recovery) and DW (diffusion
weighted) imaging may help detect extensive ischemic
damage in comatose survivors of cardiac arrest.251,252 The
difficulty of performing MR imaging in critically ill patients
often limits the use of this examination.

Limitations of outcome prediction methods
Currently the methods used in assessing the neurologic
prognosis are targeted to predict poor outcome (death or
persisting coma). Despite all normal examination results
some survivors of cardiac arrest never regain conscious-
ness. So far, there are no methods to predict good outcome
accurately in the early phase of treatment. Reliable predic-
tion methods are required not just to direct intensive care
for the patients benefiting from it, but also in order to alle-
viate the emotional distress of the patient’s family suffering
from prolonged uncertainty of their loved one’s outcome.

The use of therapeutic hypothermia may complicate the
evaluation of outcome. The prediction methods developed

on normothermic patients cannot be applied directly to
patients treated with hypothermia without validation
studies. Therapeutic hypothermia also seems to postpone
the first feasible prognostic evaluation, which should not
be undertaken during hypothermia or shortly after
rewarming the patient. As the amount of evidence and the
number of studies concerning prediction of outcome in
hypothermia-treated patients are still limited, caution and
discretion should be exercised in assessing the neurolog-
ical prognosis of victims of cardiac arrest and particularly
regarding the end-of-life decisions.

Future of preservative hypothermia, suspended
animation (Behringer)

Suspended animation

In sudden cardiac death, cooling can be started before
ischemia (protection), during ischemia (preservation), and
after ischemia (resuscitation). Cerebral protection has
been used since the 1950s to protect the brain against
global ischemia during cardiac surgery, but is logistically
not feasible in sudden cardiac arrest patients. Cerebral
resuscitation with mild therapeutic hypothermia after suc-
cessfully restoring the circulation is described above. The
following paragraphs will describe cerebral preservation,
which might be feasible during no-flow and low-flow
cardiac arrest. The concept of suspended animation, that
is: “preservation of the organism during transport and sur-
gical hemostasis, under prolonged controlled clinical
death, followed by delayed resuscitation to survival
without brain damage”253 was introduced for trauma
victims, who rapidly bleed to death. In these patients, con-
ventional resuscitation attempts are futile, and currently
mortality is near 100%. We believe that, if the concept of
suspended animation is suitable for normovolemic
cardiac arrest, it should be investigated.

Suspended animation in exsanguination cardiac arrest

Protective hypothermia for cardiac surgery is induced
slowly and reversed with cardiopulmonary bypass. In the
field, cardiopulmonary bypass is not yet available, and in
trauma victims who exsanguinate to cardiac arrest,
hypothermia must be induced before the brain loses its
viability, i.e., within the first minutes of no-flow. Therefore,
the use of an aortic cold flush was introduced to induce
preservative hypothermia rapidly first in the most sensi-
tive organs, the heart and brain, and cardiopulmonary
bypass was used only for resuscitation and rewarm-
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ing254,255. Dogs were exsanguinated over 5 minutes to
cardiac arrest no-flow of 15 to 120 minutes.256–259 At 2
minutes of cardiac arrest, the dogs received the aortic
flush via a balloon-tipped catheter, advanced via the
femoral artery. Cardiac arrest of 15–120 minutes was
reversed with cardiopulmonary bypass, followed by
restoration of spontaneous circulation, assisted circula-
tion (with cardiopulmonary bypass) for 2 hours, mild
hypothermia for 12 hours, controlled ventilation for 24
hours, and intensive care to 72 hours. Final outcome eval-
uation at 72 hours was evaluated in terms of overall per-
formance category (OPC), neurologic deficit score (NDS),
and total and regional histologic damage scores (HDS) in
19 different brain regions. Results depended on flush
volume and flush temperature.

For cardiac arrest of 15 minutes256 and 20 minutes,257

aortic arch flush at the start of cardiac arrest with 25 ml/kg
saline at 24 �C, decreased tympanic temperature to 36 �C,
resulted in poor outcome, while the same flush at 2 �C,
decreased tympanic temperature to 34 �C, resulted in good
neurologic outcome and only mild histologic damage. For
cardiac arrest of 30 minutes,258 aortic flush at the start of
the arrest with 25 ml/kg saline at 2 �C, decreased tympanic
temperature to 34 �C resulted in all dogs in coma or brain
death, while aortic flush with 100 ml/kg saline at 2 �C,
decreased tympanic temperature to 28 �C, resulted in all
dogs with good neurologic outcome and zero or only
minimal brain HDS. For cardiac arrest of 60 minutes,259

aortic flush at the start of the arrest with around 3 litres of
saline at 2�C to tympanic temperature 20 �C, resulted in
good cerebral outcome, but some disabilities in the hind-
legs; aortic flush with around 6 litres of saline at 2 �C to tym-
panic temperature 15 �C resulted in all dogs with normal
outcome and only mild or zero histologic damage, as did
flush with around 2 �C saline to tympanic temperature
10 �C. For cardiac arrest of 90 minutes,259 aortic flush at the
start of the arrest with around 10 litres of saline at 2 �C,
decreased tympanic temperature to 10 �C, resulted in
normal outcome and only zero or minimal brain HDS. For
cardiac arrest of 120 minutes,259 flush to tympanic temper-
ature 10 �C resulted in mixed outcome, and had to include
the abdominal viscera; achieving OPC 1 proved feasible
but not consistently as observed after 90 minutes of
cardiac arrest. With no-flow durations of 30 minutes or
longer, the flush had to include the spinal cord to avoid
paralysis of the hind legs.

Suspended animation was also explored in a clinically
relevant pig model.260,261 By using readily available equip-
ment, profound hypothermia was induced via a thoraco-
tomy and direct aortic cannulation. A total arrest time of
up to 40 minutes at 10 �C core temperature, or a low-flow

perfusion of up to 60 minutes at 10 �C core temperature,
was survived with normal neurologic recovery. Another
group explored the effect of 3 hours of asanguinous low-
flow perfusion in dogs with cardiopulmonary bypass
with special solutions under ultraprofound hypothermia
(� 5 �C), and survival with normal neurologic function to
develop a method for protecting the brain during other-
wise unfeasible neurosurgical procedures.262

Suspended animation in normovolemic cardiac arrest

Sudden normovolemic cardiac arrest accounts for far more
deaths than exsanguination cardiac arrest. In Europe, the
incidence of normovolemic cardiac arrest is 750 000
patients per year, and good neurologic outcome is
achieved in only 6%–23% of them.263 Therefore, we investi-
gated whether the concept of suspended animation could
be adopted for normovolemic cardiac arrest.

One possible approach to suspended animation was
shown by Nozari et al. in dogs.338 In this study, induction of
hypothermia was with blood cooled by veno-venous shunt.
After cardiac arrest no-flow of 3 minutes, and simulated
unsuccessful advanced life support of 17 minutes, dogs
were cooled via veno-venous extracorporeal shunt to tym-
panic temperature 27 �C or 34 �C with ongoing chest com-
pressions for another 20 minutes. Two control groups were
kept normothermic, with and without veno-venous blood
flow. After 40 minutes of ventricular fibrillation, reperfusion
was obtained by cardiopulmonary bypass for 4 hours,
including defibrillation to achieve spontaneous circula-
tion. All dogs were maintained at mild hypothermia to 12
hours, and intensive care to 96 hours. In the normothermic
groups, all dogs achieved spontaneous circulation, but
remained comatose and (except one) died within 58 hours
with multiple organ failure. In hypothermia groups, all dogs
survived to 96 hours without gross extracerebral organ
damage.

Another approach to suspended animation tried in our
laboratory was induction of hypothermia with cold aortic
saline flush. In exsanguination cardiac arrest, the aortic
flush balloon catheter could be inserted by the paramedic
or ambulance physician in the field during bleeding,
before arrest occurs, whereas in normovolemic cardiac
arrest it is clinically unrealistic to think that the aortic flush
catheter in place before at least 10 minutes of no-flow,
because of the response time of the emergency system and
the time required to place the aortic balloon catheter.

Studies in cell cultures and rodents support the concept
of suspended animation for normovolemic cardiac arrest.
It was shown in myocytes that injury to ischemic cells takes
place after reperfusion by initiating several cascades
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leading to cell death, but not during ischemia itself.265–267

When ischemic myocytes were made hypothermic before
reperfusion, there was less injury to the cells, even when
the duration of ischemia was prolonged as compared to
cells with normothermic reperfusion.268 In a cardiac arrest
mouse model, induction of moderate hypothermia to 30 �C
just before attempted resuscitation resulted in better 72-
hour survival compared to mice in which induction of
hypothermia was delayed to 30 minutes after the start of
resuscitation.269

The main challenge in bringing suspended animation to
clinical practice consists of the rapid induction of cerebral
hypothermia. In one study of exsanguination cardiac
arrest in dogs, the aortic flush with 100 ml/kg of saline at
2 �C, decreased tympanic temperature to approximately
28 �C within 4 minutes258 with a corresponding brain tem-
perature of 18 �C (unpublished data). When the aortic flush
as used in the exsanguination cardiac arrest model in
dogs258 was applied in 30-kg swine after 10 minutes of
cardiac arrest no-flow, brain temperature remained above
35 �C (unpublished data). One explanation for the differ-
ence in brain temperature might be the difference in no-
flow time between the two models. In the exsanguination
cardiac arrest model, no-flow time before the flush was 2
minutes, whereas in normovolemic cardiac arrest model
the no-flow time was prolonged to 10 minutes. Analyzing
the pressure curves during the aortic flush with cold saline
in normovolemic cardiac arrest, we found no pressure dif-
ference between arterial pressure in the descending aorta
and venous pressure in the right atrium. Adding vaso-
pressin to the aortic saline flush increased the arterio-
venous pressure gradient, which resulted in a rapid
decrease of brain temperature to 16 �C during the flush.270

After evaluating the feasibility of rapid induction of deep
hypothermia after prolonged normovolemic cardiac
arrest,270 the concept of suspended animation was evalu-
ated in a long-term outcome cardiac arrest model in
swine.271 After 15 minutes of ventricular fibrillation, deep
hypothermia (about 17 �C) was induced with aortic flush,
followed by 20 minutes of hypothermic stasis. At 35 minutes
after cardiac arrest, cardiopulmonary bypass was initiated
to facilitate restoration of spontaneous circulation and
rewarming. Five out of six animals achieved restoration of
spontaneous circulation and survived to 9 days, two animals
with good neurologic outcome. In the control group, with
conventional resuscitation attempts for 20 minutes and
jump-start cardiopulmonary bypass, four animals achieved
restoration of spontaneous circulation, but only one pig sur-
vived to 9 days, with poor neurologic outcome.

How could the results in cell cultures,265–267 small
animals,269 and our studies270,271 be translated into daily

practice for resuscitating sudden cardiac arrest victims? A
futuristic suspended animation scenario might be: when a
patient is found in cardiac arrest, resuscitation should not
be started by chest compressions, which would result in
trickle flow, and thus induce reperfusion injury in a nor-
mothermic organism. Instead, once in the field, the emer-
gency physician should insert the flush catheter, and
rapidly cool the patient with aortic flush, and only after
hypothermia is achieved, start with resuscitation efforts.
Before applying suspended animation to humans, many
questions must be answered in large animal outcome
studies with long-term intensive care and evaluation of
neurological outcome: first, it has to be proven that induc-
tion of hypothermia after prolonged cardiac arrest no-flow,
preceding reperfusion, will improve neurological outcome;
secondly, the limit of normothermic no-flow duration has
to be determined, i.e., how long can no-flow duration be
tolerated so that the animal has normal neurological recov-
ery with induction of hypothermia before reperfusion;
third, once cerebral hypothermia is achieved, hypothermic
no-flow without chest compression has to be compared to
hypothermic trickle-flow with chest compression to bridge
the time until initiation of cardiopulmonary bypass for
restarting the heart; fourth, the exact level of hypothermia
that allows both mitigation of reperfusion injury and pro-
tection during hypothermic no-flow, has to be determined;
fifth, it has to be proven that a sudden volume load of
100 ml/kg or more by the aortic flush is tolerated by the
organism, once restoration of spontaneous circulation is
achieved.

Conclusions and recommendations

Hypothermia research has developed enormously since the
1950s. We have learned that hypothermia does much more
than simply reduce oxygen metabolism. It took more then
40 years for mild hypothermia after cardiac arrest to be
recommended by the European Resuscitation Council
and the American Heart Association. There it is stated:
“Unconscious adult patients with spontaneous circulation
after out-of-hospital VF cardiac arrest should be cooled to
32 °–34 �C. Cooling should be started as soon as possible and
continued for at least 12–24 h. Induced hypothermia might
also benefit unconscious adult patients with spontaneous
circulation after out-of-hospital cardiac arrest from a non-
shockable rhythm, or cardiac arrest in hospital”.15,16 At the
time this chapter was finished in January 2006, the follow-
ing inclusion criteria for the use of mild hypothermia after
cardiac arrest are applied at the Emergency Department at
the Medical University of Vienna.
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• All patients receiving external chest compressions
for any duration due to cardiac arrest, even under
sedation.

• Patients not obeying any verbal command at any time
after restoration of spontaneous circulation and prior to
initiation of cooling.

And only few exclusion criteria are applied.
• Cardiac arrest due to trauma and/or severe bleeding.
• Terminal disease e.g., no further intensive care enhance-

ment/intensification.
• Pregnancy
• Known coagulopathy (except: therapeutic induced)
• Time from sustained restoration of spontaneous circula-

tion until initiation of cooling �240 minutes. An invasive
procedure or transport (e.g., CT, PTCA, etc.) is no exclu-
sion for cooling the patient, and cooling should be initi-
ated as soon as possible.
Most of the side effects of hypothermia can be prevented

or well controlled in an appropriate intensive care setting,
by including sedation and paralysis. Patient management
problems will vary according to the depth and the duration
of hypothermia, and the underlying disease of the patient.
It is important that the medical and nursing staff members
using induced hypothermia be aware of the physiological
and pathophysiological changes that can be expected, and
that they are able to determine which changes require
treatment and which do not. Most importantly, hypother-
mia should be regarded as a drug, and rigorous monitoring
of the temperature is mandatory. If the temperature
reaches 33 �C, all cooling efforts have to be stopped, and if
the temperature drops below 32 �C, the patient has to be
rewarmed with heating blankets or warm infusion to avoid
further cooling below 32 �C, which might harm the
patients. As faster cooling techniques are developed,
esophageal temperature is preferred over bladder temper-
ature for temperature monitoring, because bladder tem-
perature lags behind esophageal temperature during fast
cooling.

Clinicians should be aware that the use of therapeutic
hypothermia might complicate the evaluation of neuro-
logic outcome after cardiac arrest. The prediction methods
developed on normothermic patients cannot be applied
directly to patients treated with hypothermia without vali-
dation studies. The use of therapeutic hypothermia post-
pones the first feasible prognostic evaluation, to after
hypothermia and shortly after rewarming the patient. As
the evidence and the number of studies concerning
outcome prediction in hypothermia-treated patients are
still limited, caution and discretion should be exercised in
assessing the neurological prognosis of victims of cardiac
arrest and particularly regarding end-of-life decisions.

Despite all the knowledge about hypothermia acquired
at this time, additional studies are needed for better defini-
tion of the optimal depth and duration of hypothermia,
and the optimal rewarming rate after cooling, and to
improve the techniques for inducing hypothermia. More
laboratory studies in higher non-human primates are
needed to investigate the role of hypothermia during
cardiac arrest and even before start of resuscita-tion, e.g.,
suspended animation. In cardiac arrest, mild hypothermia
is well established, but mild hypothermia might also
benefit patients after stroke, traumatic brain injury,
myocardial infarction, hemorrhagic shock, liver failure,
pulmonary failure, or sepsis. These fields are all wide open
for future research, and should be further pursued in labo-
ratory and clinical studies.
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Introduction

The ability to prognosticate or predict accurately the even-
tual neurologic outcome following successful restoration of
native cardiac function has profound clinical, ethical, and
financial consequences. Although this chapter focuses on
the overall prognosis of the patient who has successfully
returned to spontaneous circulation after cardiac arrest,
most of the recommendations based on existing data focus
on poor or unfavorable outcome. Salient points of recent
important studies, focused review, meta-analyses of the
existing literature on this topic are included. This chapter
provides a sequential approach to evaluating the neurologic
status of patients resuscitated from cardiac arrest leading to
the ability to predict early trends, especially during the first
72 hours postarrest. The key concepts and discussion of
neurologic prognostication are based on intra-arrest
factors, clinical examination, and laboratory tests such as
electroencephalography (EEG), evoked potentials, analysis
of cerebrospinal fluid (CSF) brain enzymes, and brain
imaging. A detailed description of how to perform bedside
neurologic examination and brain death clinical examina-
tions is provided. A more comprehensive review on brain
injury after cardiac arrest, including an expanded discus-
sion of prognostication was recently published.1

Consideration in prognostication of neurologic
outcomes

Study design

Since the last edition of this book, several new studies,
structured reviews, and rigorous meta-analyses have been

undertaken specifically to clarify prognostication of neu-
rologic outcome after cardiac arrest. We focus on the
quality of study design of data collection, length of follow-
up, methods of analysis, and an understanding of the
power of the statistical analysis.1 Despite guidelines for
uniform reporting of data and the follow-up period from
out-of-hospital cardiac arrest 2 and in-hospital cardiac
arrest3, significant research problems persist, such as con-
siderable variability in outcome and less than 60% compli-
ance to guidelines4,5. The use of the Glasgow–Pittsburgh
cerebral performance and overall performance categories
as outcome measures has received some degree of accep-
tance, but many studies still vary significantly in their use
of other outcome measures. Therefore, a collective defini-
tion for poor outcome encompasses any of the following
states: death, persistent vegetative state, or a severe neuro-
logical disability requiring full nursing care.

The studies on prognostication in comatose patients
after cardiac arrest are obviously, biased towards patients
who will have a poor outcome. For this reason, most of the
observations relating to the neurologic examination of
postcardiac arrest victims and the prognostication of
outcome for comatose cardiac arrest victims are skewed
toward patients with longer arrest times. Moreover, in
studies designed to predict poor outcome there is a ten-
dency to provide less than optimal care to patients thought
to have a poor prognosis.

Prognostication and extracerebral complications

The cause of death in the majority of patients after resusci-
tation is largely extracerebral, which is an important con-
sideration in attempting to assess prognostication of
outcome. From the Brain Resuscitation Clinical Trial
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(BRCT) 1 study, non-neurologic causes of death accounted
for 63.6%, while cerebral causes accounted for 36.4%.6 A
similar proportion was observed in BRCT 2, with extracere-
bral causes noted in 72.2% of patients and cerebral cause of
death in 27.8%.7 Consequently, a significant number of
patients with excellent initial neurologic examination may
not have a good outcome, because the patient died of a
second cardiac arrest. Management during the postresusci-
tation period is provided in chapter 47; management of
extracerebral or systemic complications in these patients,
particularly cardiac injury, is essential for survival and the
functional outcome of these patients. We thus examined
the placebo arm of controlled human clinical trials over the
last three decades. There has been a general overall trend
towards a reduction in the percentage mortality of the
placebo-treated patients in 8 clinical trials (see Fig. 50.1).
With the exception of Roine et al. in 1990,8 who reported a
percentage mortality of less than 80%, three of the BRCT
from 1986 to 19916,7,9 and Longstreth et al. in 1993 reported
a percentage mortality of 80% or greater. Whereas the BRCT
and the Longstreth studies represented a wider spectrum of
cardiac arrest severity, the study by Roine et al. selected
patients with lesser injury by limiting the duration of

cardiac arrest time and resuscitation time.8 The succeeding
trials starting with Thel et al. in 199710 reported a declining
trend, with percentage mortality of those treated with
placebo below 80%. An even lower percentage mortality
was reported by Longstreth et al. in 200211 and two recent
studies on therapeutic hyothermia.12,13 Whereas the wide
variability in trial design does not allow the precise deter-
mination of the factors that lead to the reduction in mortal-
ity, two key factors may have changed in the clinical
practice during the time these trials were undertaken. First,
inclusion of a focused population that will have higher
chances of survival after cardiac arrest and thus allow the
assessment of functional outcome. Second is the continued
improvement in overall standard critical care in patients
treated with placebo. As we attempt to define the neuro-
logic injury and its relation to functional outcome, we must
also recognize the potential impact of the continued devel-
opment in critical care therapies provided to these patients.

Prognostication in the era of therapeutic hypothermia

The recent introduction of therapeutic hypothermia,12,13

which has improved survival and functional outcome, may
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well alter the current practice of prognostication. Almost
all of the data and analysis presented in this chapter were
derived from studies conducted in patients before the
introduction of therapeutic hypothermia. As the use of
therapeutic hypothermia becomes more widespread,
factors determining prognostication will need to be rede-
fined. Furthermore, for the first time, a therapy actually
shows that brain injury after cardiac arrest can be amelio-
rated and therefore outcome can be influenced by therapy.
In the absence of effective therapies, the detection of irre-
versible loss of a specific brain function led to prediction of
an unfavorable outcome, which often led to the cessation
or de-escalation of care. We suggest considering two
periods: the early period where the injury can still be ame-
liorated and effective therapies can be provided, and
development of novel markers to assess and perhaps treat
patients, and a late period where the significant injury is
irreversible and unfavorable outcome almost certain.

The ideal study

As indicated in the first edition, the ideal study should
also be prospective and focused on neurologic outcome,
both normothermia- and hypothermia-treated patients. To
avoid unpredictable biases, all levels of neurologic injury
must be included and standardized management is
required. The optimal study should have strict intensive
care protocols over a long period of time to prevent a model
from becoming self-fulfilling. Finally, no study can ever
guarantee that the proposed model is definitive in stating
that a patient who is not brain-dead will never recover.
Therefore, except for the diagnosis of brain death, it is not
possible to predict outcome in an individual patient with
100% accuracy. This uncertainty has profound ethical con-
sequences, as well as implications concerning the large
financial and personal emotional investment in what, in all
likelihood, may be a futile situation. Nonetheless, it is clear
that many neurologic findings are highly predictive of
outcome and are useful in family counseling and for sug-
gesting ways of assessing the success of therapy.

Prognostication of neurologic outcome

Intracardiac arrest factors

The duration of cardiac arrest as the clinical marker of
global ischemia has been correlated with brain injury.14–17

Several studies have associated some variables relating
cardiac arrest and resuscitation to poor outcome, such as
increased time14–15 between collapse and initiation of

CPR14–15 (anoxia time) and the increased duration of CPR.
The impact of other characteristics of cardiac arrest (i.e.,
cardiac rhythm, etiology) and resuscitation (in-hospital
and out-of-hospital) are discussed in detail in other chap-
ters of this book.

The BRCT indicated that a cardiac arrest duration of
6 minutes or longer and a resuscitation time to achieve
ROSC of 28 minutes or longer predicted poor neurologic
recovery15 whereas shorter cardiac arrest times and resus-
citation times, indicating lesser injury were associated
with favorable outcome. A similar observation in a
European study reported that patients had unfavorable
outcome with cardiac arrest time longer than 6 minutes
and with resuscitation time longer than 21 minutes.14

While most of these variables are associated with poor
outcome, the correlations are not sufficient reliably to dis-
criminate patients with poor prognosis from those with a
good outcome. The reliability of the CPR as a factor to
predict outcome was further placed in doubt after some
studies were conducted on the ability of care givers to adhere
to resuscitation protocols. In a prospective study of in-
hospital CPR quality and compliance with published
American Heart Association and international guidelines, it
was found that multiple characteristics of CPR were incon-
sistent and often did not meet published guideline recom-
mendations, even when performed by well-trained hospital
staff. These included inadequate chest compression rates,
shallow compression depth, and high ventilation rates.18–19

In an out-of-hospital cardiac arrest resuscitation study in
Europe, significant deviations from international CPR
guidelines were noted in that chest compressions were not
delivered half of the time, and most compressions were too
shallow.20

Postcardiac arrest factors

Evaluation of the postresuscitation comatose patient
The clinical findings derived from the bedside neurologic
evaluation of patients resuscitated from cardiac arrest
remain one of the most reliable means of establishing
prognosis.21–22 Therefore, a detailed approach to the
bedside neurologic examination is provided below.

Neurologic evaluation is separated into two distinct
tasks: first, assessment of the level of consciousness; and
second, determination of the integrity of the brain stem
and cerebral hemispheres. The overall approach is based
on the conventional structure of the neurologic examina-
tion which comprises evaluation of mental status, cranial
nerve function, and sensorimotor and other reflexes.

Several methods have been developed to standardize
the assessment of neurologic function in these patients.
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The most widely accepted scale is the Glasgow Coma
Scale,23 which is universally accepted and has been vali-
dated for both physicians and nurses. It can be replicated
with little interobserver error, performed rapidly, and is
easy to learn. This scale is divided into three major compo-
nents: eye-opening, motor response, and verbal response.
Eye-opening is scored as follows: spontaneous to verbal
command (3), spontaneous to pain (2), or no opening
(1). Motor response is scored as follows: obeys verbal
command (6), localizes to pain (5), withdraws to pain (4),
flexes to pain (3), extension to pain (2), or no response (1).
Verbal response is scored as follows: oriented (5), appro-
priate words (4), disoriented (3), incomprehensible sounds
(2), and no response (1). The addition of the three compo-
nent scores results in a scale value from 3 to 15. Patients
with a GCS score of 3 to 9 have significant impairment
of consciousness; 10 to 13 is moderate impairment; and
above 13 is mild impairment. Although multiple attempts
have been made to define level of consciousness in a strat-
ified manner, there is no uniform agreement on how to
describe differences among coma, obtundation, stupor,
and such states as delirium or confusion. Significant prog-
nostic value has, however, been attached to the GCS and to
the neurologic examination of the brainstem.

A recent method developed to evaluate a comatose
patient is the FOUR (Full Outline of UnResponsiveness)
score.24 This consists of four components (eye, motor,
brainstem, and respiration), and each component has a
maximal score of 4. The Four score provides assessment of
critical variables that are important in coma assessment
and excludes the verbal response, which has been a major
limiting factor in the GCS. Although this is a promising
development in coma assessment, the application of this
scoring system needs to be established in the postcardiac
arrest patient population.

Bedside neurological examination

Level of arousal
To determine the patient’s level of arousal, it is necessary to
know the patient’s best response to specific stimuli. If pos-
sible the patient should be informed verbally of the proce-
dure or examination. If noxious stimulation is necessary to
get the best response, the least noxious stimulation should
be used at the start and the intensity increased until the
best response is elicited. Start by calling the patient’s name
and asking the patient to follow simple commands. If no
response is noted, the patient can be tapped or shaken
gently, and finally painful pressure such as rubbing the
sternum or pinching the trapezius should be applied.
Record the specific stimulus that causes a specific response

(i.e., eye-opening with voice or extensor posturing of the
right side with sternal rub).

If the patient is arousable, he or she should be assessed
for ability to follow commands and answer questions. First,
have the patient follow simple commands such as “open
and close your eyes” or “stick out your tongue”, followed by
commands involving the extremities, such as “show me
two fingers”. Next ask questions about orientation: “What’s
your name? Where are you? What’s the date? How did you
get here?”

Rapid fluctuation in the level of consciousness, associ-
ated with changes in cognition and impaired attention
span, should alert the examiner to metabolic dysfunction
or even seizures. Serial evaluations must be performed, the
trend in level of consciousness is more significant than any
specific level of consciousness. Moreover, the findings must
be taken in the context of the other significant findings on
examination. Intervention must be undertaken to address
a rapid or persistent decline in the level of consciousness.

Brainstem evaluation
For the unresponsive patient, the brainstem examination
is crucial in assessing the degree of brain injury and the
findings are key in prognostication, especially within the
first 3 days after cardiac arrest. With the absence of volun-
tary response in the comatose patient, cranial nerves may
be tested by eliciting cranial nerve-based reflexes, such as
pupillary light reflex, corneal reflex, grimace, oculovestibu-
lar response, caloric response, gag reflex, and cough reflex.
By assessing these responses to specified cranial nerves,
the pertinent brainstem structures can be evaluated, espe-
cially the central portion of the brainstem including the
tegmental area, which contains the reticular activating
system. An intact reticular activating system is important
for neurophysiologic arousal or recovery.

Pupillary response (cranial nerves 2 and 3)
Evaluation of cranial nerves 2 and 3 requires assessment of
both responses to light and conjugate eye movements.
Reaction of each eye to light is the function of afferent path-
ways from the retina to the Edinger–Westphal nucleus at the
level of the midbrain via the optic nerve. Parasympathetic
efferents exit this nucleus via the third nerve. Monocular
activation of this reflex with light produces bilateral pupil-
lary constriction. The normal resting pupil size is 4 to 6 mm.
Most pupils will constrict to about 2 mm with illumination
from a bright flashlight. Normal resting pupillary size is
altered by drugs, surgery, and aging. The ability of the pupils
to dilate is mediated by sympathetic neurons that travel
from the hypothalamus in a longitudinal manner to the
cervical cord where they exit and pass rostrally along the
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carotid vascular system to the eye. Dilation occurs when
ambient light is excluded from the patient’s retina. The
motor aspects of these cranial nerves are assessed with the
vestibular system.

Blink reflex (cranial nerves 5 and 7)
The corneal response is a blink reflex when the corneal is
touched with a wisp of cotton. This response is activated by
sensory afferents of the face that travel via cranial nerve 5
from the face to the trigeminal ganglia and then to the fifth
nerve nucleus in the pons. These neurons form synapses
with the seventh nerve nucleus in the pons. The seventh
nerve nucleus projections innervate the facial muscula-
ture, including the orbicularus oculi. Activation of this
reflex leads to constriction of the orbicularis oculi and
closure of the eye or a blink. In severely obtunded patients,
this reflex may be slightly depressed. The most vigorous
stimulus is one of direct corneal pressure, which is applied
with a clean cotton swab. Gentle pressure on the cornea
produces at least a trace constriction of the orbicularis
oculi and in many individuals a brisk blink. This reflex is
lost with deep general anesthesia but tends to be preserved
with moderate sedation. To study the lower facial muscu-
lature in a variant of this response, the nasal tickle or
grimace reflex is used. This reflex is elicited by either light
or deep pressure to the nares and nasal septum area.
Pressure here produces a facial grimace often slightly
greater on the side of the stimulus. Comparison of the right
and left responses allows evaluation of the nasolabial fold
and symmetry of lower facial musculature.

Vestibulo-ocular response (cranial nerves 3, 4, 6, and 8)
Cranial nerves 3, 4, 6, and 8 are grouped together, and their
evaluation represents oculomotor reflex testing. This reflex
involves vestibular afferents that can be activated by either
head-turning (doll’s eyes) or thermal inputs (caloric
response). These stimuli travel to the ponto-medullary
junction via cranial nerve 8. Inputs from synapses with the
oculomotor system produce coordinated eye movement via
brainstem gaze centers, including the parapontine reticular
formation and the medial longitudinal fasciculus. These
synapses allow coordinated conjugate eye movement.
During normal conscious behavior, this system allows sta-
bilization of visual fixation with head movement. In an
unconsciousness person, volitional eye movements are
lost. Such eye movements tend to be rapid in comparison to
those evoked by the vestibulo-ocular response. Thus, in the
unconsciousness individual, head-turning provokes a slow
eye deviation in the direction opposite to head motion.
Similarly, cold water irrigation in one ear provokes a slow
tonic deviation of eyes in the opposite direction. The pres-

ence of both a slow and a fast phase of eye movement after
cold water irrigation suggest a conscious state with active
visual perception at the cortical level, and is thus associated
with behavioral rather than structural etiologies of coma. In
a manner similar to the corneal response, sedative drugs
will depress this reflex. During low level sedation, however,
a vestibulo-ocular response can usually be elicited. If it
cannot be elicited, caloric testing, which represents a
stronger stimulus to this system, should be used. The
caloric test is suppressed by deep general anesthesia. When
doll’s eyes or caloric testing provokes a response, it is nor-
mally the conjugate or equal motion of both eyes in one
direction. If individual eyes have either a horizontal or ver-
tical asymmetry to their fixation point, damage to an indi-
vidual oculomotor nerve should be considered. This is best
evaluated by repeating the doll’s eye maneuver for both hor-
izontal and vertical planes. Each eye should be evaluated
individually; if a full range of motion is noted for each eye,
the absence of conjugate eye movement is clinically diag-
nosed as strabismus rather than as oculomotor palsy.

Gag response (cranial nerves 9 and 10)
The gag response is best tested with both a tongue depres-
sor and a cotton swab. While the tongue is depressed, the
right and left retropharyngeal areas are stimulated with the
cotton swab. This reflex involves the sensory afferents of
cranial nerve 9 and a diverse set of motor efferents, includ-
ing those of cranial nerves 9 and 10. A normal response
includes symmetric elevation of the soft palate and closure
of the pharyngeal space from the nasal space. This pha-
ryngeal reflex is often lost in individuals who have had pro-
longed oral tracheal or nasotracheal intubation. A variant
of this reflex is the cough response to deep tracheal
suction. Cough reflex involves cranial nerve 10 sensory
afferents, and abdominal, chest wall, and cranial nerve 10
efferents. The reflex is best produced in individuals with
endotracheal intubation, whereby a suction catheter is
inserted via this endotracheal route into the carina. Rapid
to-and-fro motion produces a gasp and then one to three
rapid coughs. A positive response suggests that medullary
afferent and efferent centers are intact.

An intact brainstem evaluation suggests the potential for
normal arousal. An intact brainstem may be found in
comatose patients after cardiac arrest, drug overdose, or
closed head injury. An examination demonstrating incom-
plete function or asymmetric cranial nerve dysfunction is
most often associated with cerebrovascular disease in the
vertebrobasilar arterial system or a posterior fossa mass.
An alternative explanation for incomplete or asymmetric
cranial nerve function is a herniation syndrome secondary
to a supratentorial mass. The evaluation of conscious
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motor behavior is important in cardiac arrest patients
because of the high frequency of diffuse cortical injury.
Another system that is closely associated with the brain-
stem is the autonomic system, which may be affected in
cardiac arrest. Autonomic manifestations such as an
abnormal pattern of breathing, erratic and extreme tem-
perature, arrhythmia and blood pressure lability may be a
manifestation of brainstem injury.

Response to pain (motor evaluation)
Conscious behavior requires both an intact reticular acti-
vating system and bilateral hemispheric function; there-
fore, it is important to access hemispheric function as well
as brainstem function. The most reproducible assess-
ments of hemispheric functions in unresponsive patients
are the motor responses to pain. These responses are
elicited individually in each limb, and although they vary
with level of consciousness, they should be symmetric. For
the unconscious patient, strength cannot be graded
objectively so a qualitative description and whether it is
reproducible must be provided. The GCS provides a stan-
dardized and universal classification system defining five
levels of motor response. A conscious individual will obey
commands with a defined motor performance. Stuporous
or unconsciousness individuals without hemispheric dys-
function will demonstrate purposeful pain avoidance
behavior, characterized by rapid attempted withdrawal of
the limb from painful stimuli, usually with abducting
movements. This is particularly true if painful stimuli are
elicited with pinch or deep pressure to the medial aspects
of limbs, such as the upper arm triceps area or the adduc-
tor region of the thigh, or deep pressure to the medial
malleolus at the ankle. A second common behavior is the
use of the contralateral limb to remove the noxious stimu-
lus. Deeply comatose individuals do not show this behav-
ior, but rather show simple flexion to painful stimuli.
Similarly, individuals with hemispheric lesions may
demonstrate brisk and monotonously replicable upper
extremity flexion at the shoulder, elbow, wrist, and fingers.
When this flexion is asymmetric, a contralateral hemi-
spheric injury or mass is likely. Bihemispheric lesions may
demonstrate bilateral flexion. The extension response is
present when an injury impairs both cortical and deep
basal ganglia and thalamic function. This response is a
characteristic extension at the elbow and internal rotation
of the forearm with flexion of the fingers. Simultaneous
lower extremity extension and adduction are noted. The
response represents the unopposed activation of postural
extensor muscles by the vestibulospinal system. This
response may be asymmetric, suggesting severe cortical
and deep hemispheric dysfunction, or bilateral with bilat-

eral hemispheric dysfunction. A final pattern of response
to pain is one of no response or minimal flicker of muscles
without movement. These findings occur with deep
general anesthesia or with bilateral cervical medullary
lesions. Taken together, evaluation of the brain stem
and the motor response assess the integrity of both sites
necessary for conscious behavior, namely, the reticular
activating system and the cerebral hemispheres. When
the examination suggests that the hemispheres and the
reticular activating system are intact, awakening from
coma is possible and most likely depends on the underly-
ing disease causing coma. This chapter does not attempt
to address the issue of differential diagnosis of coma. With
the detailed medical history, laboratory testing, and
imaging, a diagnosis is usually possible. Current data
provide support that the clinical evaluation of the nervous
system and data on the duration of global ischemia are of
value in predicting the eventual outcome. Because many
cardiac arrests are unwitnessed, the exact duration of
ischemia is unknown. For this reason, significant clinical
emphasis is placed on the repeated evaluation of the
patient at the bedside.

Bedside neurologic examination and prognostication
Numerous studies have reported the importance of spe-
cific components of the bedside neurologic examination to
functional outcome after in-patient resuscitation from
cardiac arrest without therapeutic hypothermia. Studies
by Levy and colleagues25 in 1985 followed by the studies by
Rogove and colleagues,15 and Edgren and colleagues21

from the Brain Resuscitation Clinical Trials (BRCT) have
been largely responsible for defining the key factors in the
neurologic examination that are clearly associated with
poor functional outcome. Many other studies provide
additional support for use of these clinical characteristics
in prognostication.26–30 In 2006, the American Academy of
Neurology published an evidence-based review on the pre-
dictors of outcome in comatose patients after resuscitation
from cardiac arrest.98 It is important to emphasize that
almost all these studies indicate the absence rather than
the presence of a specific clinical finding that is best asso-
ciated with unfavorable outcome after cardiac arrest. This
highlights the need for research to provide an early clinical
finding that has the ability to determine which patients will
have a good recovery postresuscitation.

Of all the clinical findings in the neurologic assessment,
a meta-analysis found two clinical findings had 100%
specificity at 3 days: absence of pupillary light reflexes
(positive likelihood ratio�10.5 (95% CI 2.1–52.4), and
absent motor response to pain (positive likelihood ratio �

16.8 (95% CI 3.4–84.1)).22 A recent study by Booth and
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colleagues suggested that similar clinical findings as early
as 24 hours can adequately predict poor neurologic
outcome: absent response to pain (positive likelihood ratio
4.9 (95% CI 1.6–13.0)), absent pupillary light reflexes (pos-
itive likelihood ratio�10.2 (95% CI 1.8–48.6)), and absent
corneal reflexes (positive likelihood ratio�12.9 (95% CI
2.0–68.7)). With the findings, Booth et al. suggest that ces-
sation of life-sustaining therapies may be justifiable. While
the 24-hour period may be encouraging in some cases,
several studies have reported 18%–36% false positive rates
for the absence of pupillary light responses during the first
24 hours after resuscitation.25,31,32

The Glasgow Coma Scale which provides a more
objective framework for neurologic prognostication, and
shows a total aggregate and low component score (espe-
cially in the motor response). In a study by Mullie et al. of
patients who died or were still comatose at 2 weeks, 98%
had a GCS score of 4 or less, while only 18% had a GCS-
score�10.30 Other studies have also used the GCS as a
predictive tool27,33 or as a predominant factor that deter-
mines outcome in a more comprehensive score such as
the Acute Physiology and Chronic Health Evaluation Score
(APACHE) II (Table 50.1).26,34

As two of the strongest findings of poor outcome in
comatose patients untreated with hypothermia, the
absence of pupillary light reflex and absence of motor
responses 72 hours after resuscitation may be used to

guide the decisions made by clinicians about the intensity
and duration of care provided after cardiac arrest. As indi-
cators for poor outcome at 72 hours, these findings have
little direct impact on the decision to provide therapies
that are currently focused on the first 24 hours. Therefore,
there is still a need for research to identify early (within
minutes or few hours of injury) neurological markers of
brain injury and recovery. Such clinical markers may aid in
the development of more effective therapies.

Neuroimaging
Neuroimaging has been used to define brain injury related
to cardiac arrest. No large prospective studies have been
performed to date. With some limitations, retrospective
studies described the brain injury and attempted to define
its relation to poor outcome after cardiac arrest. Non-con-
trast head computerized tomography (CT) is one of the
most common screening tools that can rule out a structural
abnormality in patients with neurologic dysfunction. An
abnormality on CT scan is generally associated with worse
outcomes when compared to patients with no CT abnor-
malities. As global ischemia to the brain leads to cerebral
edema, non-contrast head CT will be able to show that
edema that leads to effacement of sulci and cisterns also
causes a decrease in gray matter density, leading to loss of
the gray matter to white matter differentiation. This is pro-
nounced in the basal ganglia and watershed areas.35
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Table 50.1. Clinical, electrophysiological, and laboratory markers of poor outcome (death or persistent vegetative state,
severe disability requiring full nursing care) after cardiac arresta

Based on the current literature, the predictive markers are summarized as follows:

Markers of poor outcome

1. Clinical markers

The absence of pupillary light responses and absence of motor responses to pain in medically stable comatose survivors 3 days after

CPR are the most studied and reliable markers. 

2. Electrophysiological markers

Bilateral absent cortical responses (N20) on Somatosensory Evoked Potentials recorded � 24 hours is most objective, but expertise

and availability limits its widespread use. 

Persisting burst suppression pattern on electroencephalogram recorded�24 hours after CPR is useful, but less specific than SSEP.

3. Biochemical markers

Serum and cerebrospinal fluid (neuron-specific enolase, S100, creatinine kinase isoenzyme BB) are very useful in prognostication, but

variability in cut-off and inability of test in many hospital laboratories limits application.

4. Neuroimaging markers

MR imaging and CT scanning are promising, but data are still insufficient to support or refute use for prognostication. 

5. Multimodality markers

The combination of several prognostic markers, such as clinical, electrophysiologic, and biochemical markers, promises to improve 

the ability predict both poor and good outcome. More studies are needed to validate the used of multimodality markers.

a Prognostic markers may not be reliable in patients receiving sedatives or neuromuscular blocking agents, in patients with severe

metabolic derangement, or medically unstable or cardiogenic shock. These prognostic markers were not studied in patients who received

therapeutic hypothermia.



Quantitatively, the loss of the distinction between gray and
white matter on CT, even when normal to the naked eye,
has been shown to correspond to neuronal necrosis, water-
shed infarcts, and periventricular leukomalacia. Torbey
and colleagues used CT Housefield units to quantify the
loss of gray and white matter (GM/WM) demarcation in
association with global cerebral ischemia and found that a
lower GM/WM ratio of �1.18 is associated with poor
outcome or death after cardiac arrest.36 The loss of the
GM/WM demarcation in a CT scan performed at 48 hours,
when combined with the clinical status of the patients such
as the GCS and the duration of cardiac arrest, increased the
ability of the measure to predict poor functional outcome.37

Many retrospective studies on the use of MRI in prog-
nostication have been reported. As an imaging technique,
the use of MRI is limited in critically ill patients because of
patient safety and possibly lack of compatibility of sup-
portive equipment. A retrospective study defined the role
of MRI in prognostication and noted poor prognosis in
patients with diffuse cortical signal changes on diffusion-
weighted imaging (DWI) or fluid-attenuated inversion
recovery (FLAIR).38 In this study of 10 patients, 8 who
remained comatose with no indicator of poor prognosis,
such as myoclonic status epilepticus, fixed dilated pupils,
absence of SSEP, and burst suppression on EEG, were
found to have diffuse and extensive abnormalities in the
cortex, thalamus, and cerebellum. The two remaining
patients who awoke had normal or localized MRI findings.
The study also noted that the DWI abnormalities eventu-
ally improved, but the FLAIR abnormalities persisted on
follow-up.

Several studies with functional neuroimaging have doc-
umented brain injury, but the limited number of patients
hamper its reliable application to prognostication. The use
of Positron Emission Tomography (PET) has been under-
taken in defining the brain injury and prognostication. As
in cases of ischemia, changes in lactate and NAA are asso-
ciated with a specific outcome. However, one study with
8 patients and the other with 7 patients40 did not find any
significant PET index that differentiated between survivors
and non-survivors.

Evoked potentials
Somatosensory evoked potentials (SSEP) is a neurophysi-
ological test that measures the integrity of the neuronal
pathways from a peripheral nerve, spinal cord, brain stem,
and cerebral cortex.41,42 In the evaluation of brain injury
after cardiac arrest, disruption of the neural pathways
manifested as slowing or absence of waveforms that are
generated by the brain stem and cortex are most important
in prognostication. The absence of early cortical SSEPs

(N20/P25) after stimulation of the median nerve has been
shown to be a reliable predictor of poor outcome (with per-
sistent coma or death) in several studies of patient series in
coma after cardiac arrest.42–45 The absence of N20 during
the first week after cardiac arrest and poor neurologic
outcome showed a positive likelihood ratio of 12 (95% CI
5.3–27.6).22 This ability of SSEP to prognosticate a poor
neurologic outcome was also supported by other reviews
and large patient series.42,46 Although the absence of the
N20 signal is strongly associated with poor outcome, a
normal N20 is only associated with about 60% of those who
awake from coma, and a delayed N20 is associated with
arousal in only 20% of subjects. (See Fig. 50.2).42

Most of these studies report the use of SSEP from several
hours to a few days after resuscitation from cardiac arrest,
most commonly within 3–4 days. But no studies have
established its use earlier than 24 hours. With no reported
return of a previous absent N20 in a comatose patient, the
absence of the N20 is one of the most significant predictors
of poor outcome. Repeated testing must be considered,
however, when the N20 responses are present early in the
course of postcardiac arrest coma, especially in patients
who remain unresponsive. The use of SSEPs in determin-
ing a poor prognosis is preferred over other tests, such as
EEG and other types of evoked responses, because it is less
susceptible to the effect of drugs, metabolic derange-
ments, and temperature. Nevertheless, it may be suscepti-
ble to muscle artifact and occasionally the use of muscle
relaxants may improve the test quality.

Other evoked response tests, such as brain stem auditory
and visual and event-related potential tests, have been
used for prognostication but their definitive use still needs
to be established. The use of brainstem auditory response
is limited by the reversible dysfunction of the cochlear
which may lead to the initial absence of brainstem audi-
tory signals that may return over subsequent days.47 In
some studies normal brainstem auditory evoked potential
(BAEP) have been seen in patients with poor outcome,
including PVS.48,49 The presence of the late component of
the SSEP waveform such as the N70 response was reported
to be associated with favorable outcome,48 but more
studies are needed to validate its prognostic ability in these
patients.

Electroencephalography (EEG)
EEG is useful for evaluating depth of coma and extent of
damage after cardiac arrest. EEG is widely available, easy to
perform even in unstable patients, and non-invasive.41 The
widespread application of EEG in prognostication is ham-
pered by several factors, including lack of a unified classifi-
cation system, which is confounded by the variability of the
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types of EEG patterns in a given category, lack of consistency
in the intervals of EEG after resuscitation, and bias toward
evaluation of severely injured patients. The numerous EEG
studies reviewed for this chapter41,43,50–54 showed significant
variability in the time intervals from CPR to EEG, but the
majority seem to be performed around 3 days or later. The
key patterns of EEG that provide the basic classification
include: presence or absence of EEG activity; reactivity of
EEG to specific stimuli; different EEG frequencies (i.e.,

alpha, theta, and delta); certain specific patterns, such as
burst suppression or low voltage or isoelectric EEG. These
patterns were grouped into five grades in an older classifi-
cation, which has been consolidated by more recent classi-
fications into three categories for prognostication:
malignant, uncertain, and benign. Many classifications of
“malignant” EEGs include a combination of suppression,
burst-suppression, non-reactive alpha and theta pattern,
and generalized periodic complexes.43,51,52,55,56 The patterns
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Fig. 50.2. Median nerve SSEP after cardiac arrest demonstrating bilateral absence of the cortical N20

peak (arrows). (From Koenig, M.A., Kaplan, P.W. and Thakor, N.V., Clinical Neurophysiologic Monitoring

and Brain Injury from Cardiac Arrest. In Brain Injury after Cardiac Arrest, Neurologic Clinics vol 24 issue

1, Editor: Geocadin, R.G, Publisher – Elsevier 2006, with permission.)



most often associated with poor outcome are generalized
suppression to 20 	V, burst-suppression pattern with gener-
alized epileptiform activity, or generalized periodic com-
plexes on a flat background.57 In a meta-analysis of several
relevant studies, EEG recordings with an isoelectric or burst-
suppression pattern had a specificity of 100% for poor
outcome with a pooled positive-likelihood ratio � 9.0 (95%
CI 2.5–33.1) (see Fig. 50.3).

As an early indicator of brain recovery after resuscita-
tion, the early return of continuous and reactive EEG activ-
ity may predict good outcomes.41,58,59 Novel EEG analyses
and applications are still being actively investigated as
potential objective markers for brain injury, with the ability
to track recovery, such as quantitative EEG analysis focus-
ing on real-time changes of EEG, or limited channel
recording in order to follow general trends to track recov-

ery or injury processes or development of anoxic
encephalopathy, or in detecting sudden changes (such as
seizures). EEG may provide potential monitoring for brain
recovery during therapeutic hypothermia after cardiac
arrest. EEG changes have been described during hypother-
mia in a limited clinical study.60 With the exception of a
case report detecting seizure activity61 to date no clinical
studies have described a postcardiac arrest population in
terms of relating therapeutic hypothermia and EEG.

Biochemical markers
Biochemical markers that can reflect neurologic injury
can be measured both in the serum and the CSF. Ideally, a
chosen marker should be shown to be released from
neurons or glial cells as a result of damage to that cell, and
should be easy to obtain.62 A meta-analysis of published
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Fig. 50.3. Burst-suppression EEG pattern after cardiac arrest demonstrating periodic generalized bursts of sharply contoured electrical

activity separated by periods of EEG suppression (from Koenig, M.A., Kaplan, P.W. and Thaker, N.V., Clinical Neurophysiologic

Monitering and Brain Injury from Cardiac Arrest. In Brain Injury after Cardiac Arrest, Neurologic clinics vol 24 issue 1, Editor: Geocadin,

R.G., Publisher – Elsevier 2006, with permission).



biochemical tests used to prognosticate outcome after
cardiac arrest has been published,45 as well as several
other studies on biochemical tests in serum and CSF.62–65

While specific cut-off levels are associated with poor
outcome, these values vary considerably between studies,
even for the same biochemical test (Table 50.1). This sig-
nificant variability limits the universal translation of these
tests into widespread clinical practice. While biochemical
markers can detect brain injury and provide prognostica-
tion, more controlled clinical studies are required to
define precisely their role in prognosticating functional
outcome after cardiac arrest.

CSF creatine kinase BB (CKBB)
When the brain is injured, the CKBB in the brain will leak
from the cytoplasm of the destroyed cells into the extracel-
lular fluid.66 CKBB levels in the CSF reach a peak between 48
and 72 hours after cardiac arrest.67 Several studies investi-
gated the prognostic value of CSF CKBB. The cut-off value
higher than 204 units/l predicted poor outcome in these
studies.63,66 In a meta-analysis of 28 studies that included
802 patients,45 CKBB �204 U/l showed no false-positives for
poor outcome. Nevertheless, because of the small numbers
of patients studied and methodological limitations, no reli-
able recommendation can be made for non-treatment deci-
sions. Some concerns have been raised about the safety of
CSF sampling as well as the risk of cerebral herniation.

Neuron specific enolase (NSE)
NSE is the neuronal form of the intracytoplasmic glycolytic
enzyme enolase, which was first found in extracts of brain
tissue (neuronal bodies and axons) and later in neuro-
endocrine cells (APUD) and neuroendocrine tumors
(including small cell lung cancer).68 It has a relatively high
molecular weight, and is therefore unlikely to cross cell
membranes unless the cell is damaged. It reaches a peak in
the serum and CSF at 72 hours following the ischemic
insult.69 Many studies have investigated the value of
increased serum and CSF NSE in patients who remained
comatose after cardiac arrest. There is significant variabil-
ity in the cutoff points for 100% positive predictive value
for poor outcome. Some of the larger studies such as that
performed by Fogel et al. in 50 patients used a cutoff value
of serum NSE of 33 ng/ml and found 80% sensitivity and
100% specificity. Importantly, almost all of these studies
were done in normothermic patients.

S-100
This is a dimeric acidic calcium-binding protein present in
high concentrations in glial and Schwann cells.68 It is elim-
inated by the kidneys, and is also found in certain tumors

(including glioma, melanoma, schwannoma, and highly
differentiated neuroblastoma).68 It has a lower molecular
weight than NSE and is highly soluble, and therefore more
likely to cross the cell membrane.68 S-100 is a sensitive
marker for glial cell damage. The highest levels are usually
observed during the first 24 hours after the anoxic insult,
and usually decline over the next 48 hours, probably due to
ease of permeability.69 Several studies have used S-100 for
prognostication: one used a cutoff value of 0.2 mcg/L, and
found a positive predictive value of 79% of S100 2 hours
after cardiac arrest, 87% of S-100 24 hours after cardiac
arrest, and 75% at 48 hours after cardiac arrest.70

NSE, S-100 and hypothermia
Since the positive findings related to therapeutic hypother-
mia after cardiac arrest, a study by Tiainen et al. of 70
patients to evaluate the effect of therapeutic hypothermia
on levels of serum NSE and S-100B protein found that the
levels of NSE (P�0.007), but not S-100B, were lower in
hypothermia-treated patients than in normothermia-
treated patients.64 A decrease in NSE values between 24
and 48 hours was observed in 88% of the hypothermia
group and only 50% in the normothermia group
(P�0.001). This decrease in NSE values was associated with
good outcome at 6 months after cardiac arrest (P�0.005),
recovery of consciousness (P�0.001), and survival�6
months after cardiac arrest (P�0.012).64

Associated manifestations

Elevation of intracranial pressure
Cellular injury and neuronal death from global brain
ischemia may lead to cerebral edema. Commonly,
increased intracranial pressure is attributed to significant
cerebral edema. A study of head CT 3 days after cardiac
arrest showed that brain edema was more common in
patients who had cardiac arrest due to respiratory distress,
and of those patients diagnosed with brain edema, more
developed brain death compared to those without brain
edema.71 A study with 10 patients suggests that intracranial
pressure elevation (ICP) following CPR does not necessarily
increase in the absence of primary intracranial pathology or
seizures,72 but when ICP is elevated, the presence of ICP�

20 mmHg in comatose patients has been associated with
poor outcome.39, 73 Although this is a promising indicator of
brain injury after cardiac arrest, more studies are needed to
establish the usefulness of elevated ICP for prognostication.

Myoclonus status epilepticus
As many as one-third of comatose CPR survivors experience
seizure activity at some time during the hospital course,
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most commonly within the first 24 hours.74,75 A detailed
discussion of seizures, diagnosis, and management, and
impact on outcome after cardiac arrest is provided in a com-
prehensive review by Koenig and Geocadin.76

The prognostic significance of seizure needs to be
clarified. Although studies focus on the occurrence of
myoclonus status epilepticus as a predictor of poor
outcome in selected patients with severe injury,77,78 other
types of seizures may be less ominous, as shown in a general
population study by Levy et al.25 which failed to demon-
strate poorer outcomes in the subpopulation with seizures
of any type.

Episodic jerking in postcardiac arrest patients must be
carefully characterized prior to proposing prognosis. The
classical syndrome of postanoxic myoclonus (also known
as the Lance–Adams syndrome), which occurs more fre-
quently after respiratory arrest, was previously regarded as
a predictor of poor outcome. But a recent report of sur-
vivors with postanoxic myoclonus indicates that the
myoclonus may improve as neurologic status improves.79

Nevertheless, myoclonic status epilepticus which pre-
sents as repetitive, unrelenting, generalized multifocal
myoclonus in the face, limbs, and axial musculature,74

which is often associated with burst suppression on EEG,
is considered to be an indicator of extremely poor progno-
sis, and it does not respond to anticonvulsants.74,78

Multimodality prognostication

Most of the studies on the prognostic markers in cardiac
arrest have been made by considering single variables.
Few studies have looked at combining the values of the
above tests to increase the reliability of predicting out-
comes.43,53,66 Bassetti et al. assessed the value of combining
clinical examination, EEG, SSEP, and two serum biochem-
ical markers (ionized calcium and neuron-specific
enolase). Individually, clinical examination correctly pre-
dicted outcome in 58%, SSEP in 59%, EEG in 41%, and in
combination, all three factors (clinical exam, SSEP, and
EEG) improved the predictions to 82%. No false poor pre-
diction was observed using the combination.

To improve further the ability of SSEP in predicting poor
outcome, Sherman et al. added CSF creatine kinase BB
isoenzyme activity (CKBB). As individual tests, they found
that poor outcome was predicted with a CKBB�205 U/l
with a sensitivity of 49% and a specificity of 100%, whereas
the bilateral absence of the N1 peak had a sensitivity of 53%
and a specificity of 100%. The combined presence of CKBB
�205 U/l and bilaterally absent SEP N1 peaks, improved
the sensitivity to 69%, while the specificity remained at

100% in predicting a poor outcome.
While novel injury and recovery parameters for prog-

nostication and real-time tracking and application are
being developed through research,80,81 multimodality
prognostication provides an opportunity for further
enhancement of the ability of clinicians to predict the
outcome after cardiac arrest. Although this is a very
promising direction, better designed prospective studies
with adequate statistical power are needed for real
advances in this area.

Withdrawal of life-sustaining therapies

Advances in resuscitation and critical care have allowed
the prolongation of life in resuscitated patients, but the
desired quality of life is not attained in most of these cases.
The practice of withdrawal of life-sustaining therapies is
currently widespread in ICUs. Several major organizations,
including the American Medical Association,82–84 the
American Academy of Neurology,85 and the Society of
Critical Care Medicine-American College of Chest
Physicians,86 have recognized the right of patients in spe-
cific situations to forgo treatment, even if refusal may lead
to death. Indeed, research demonstrates widespread
support among critical care physicians and nurses for
withdrawal of life-sustaining therapies in cases of devas-
tating injury and expected poor outcome.87–89 The clinical
findings in patients with persisting coma presented above,
such as the absence of pupillary light flex and motor
response on day 3, with or without the SSEP test showing
the absence of the N20 wave during the first week, may be
used to define the high likelihood of poor outcome.

The actual process leading to the decision to withdraw
life-sustaining therapies has not been studied in detail. This
is a clinical decision that is based on the clinical condition
of the patients in conjunction with treatment and outcome
preference of the patients, and clinical expertise of the
treating team.90 A study found that advanced ICU care is
provided to treat morbidity and delay mortality, and at the
same time to orchestrate the dying process.91 They also
found that the decisions to withhold, provide, continue, or
withdraw life support were “socially” negotiated leading to
a common decision among family members and clini-
cians.91 A survey study showed that 73% of the general
public respondents and 70% of nurse respondents advo-
cated a joint decision made by the family and the physician.

A recent report of patients withdrawn from life-sustain-
ing therapies after resuscitation from cardiac arrest indi-
cated that patients with absence of bilateral N20 on SSEP
and poor neurologic examination had a shorter period of
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observation before withdrawal of life support compared to
those with poor neurologic examination and indetermi-
nate or present N20 on SSEP.93 The ICU team and the fam-
ilies decided sooner if the poor neurological examination
result was supported by an objective measure like the
SSEP.93 More studies are needed to understand this process
and how to apply the information to improve the experi-
ence of patients’ families and physicians. While the process
of withdrawal of life support is widely practiced and dis-
cussed, it is still not well known how the clinicians and the
families actually process the clinical characteristics used in
neurologic prognostication to reach a specific decision.

Evaluation of brain death

Despite the advances in resuscitation techniques and ther-
apies for patients after cardiac arrest, the progression of
injury to death is very common. The progression of brain
injury after resuscitation from cardiac arrest leading to the
irreversible loss of function of the brain and the brain stem
underlies the condition of brain death.94 The practice of
declaring brain death has defined criteria that were first
established by an ad hoc committee of Harvard Medical
School in 1968;95 the criteria were further developed to be
more relevant to clinical practice through a set of guide-
lines published by the Quality Standards Subcommittee of
the American Academy of Neurology (AAN) in 1995.94

These guidelines are presented below with some addi-
tional suggestions pertinent to a patient suspected of brain
death following cardiac arrest. It is also strongly advised
that the physician performing the brain death examination
consults and applies the practice guidelines of the hospi-
tal, as well as any established laws of the state or country
where the test is performed.

The AAN prerequisites for the declaration of brain death
include a known proximate cause for the irreversible
absence of brain function;94 this may be demonstrated by
neuroimaging. In patients with global brain ischemia from
cardiac arrest, neuroimaging may not be necessary unless
other complicating etiologies are considered. For example,
medical conditions that may mimic clinical manifestations
of brain death or confound the clinical assessment of brain
death should be ruled out. These include a severe elec-
trolyte, acid-base, or endocrine disturbance, drug intoxica-
tion, use of paralytic and sedative agents, and poisoning.
Additionally, significant hypotension must to be corrected,
and the patient’s core temperature must be greater than or
equal to 32 ºC (90 ºF). In efforts to demonstrate irreversibil-
ity and consistency of findings, the determination of brain
death requires that two neurological examinations be

performed at least more than 6 hours apart. Once all these
prerequisites are met, the examination can proceed to
establish the presence of the three cardinal findings in
brain death: (1) coma or unresponsiveness; (2) absence of
brainstem function; and (3) apnea.94

Determination of coma

After resuscitation from cardiac arrest, a comatose patient
will display no purposeful or spontaneous movements, or
response to stimuli of any kind. The depth of the patient’s
coma may be assessed by the neurological examination. A
detailed approach to the determination of the depth of coma
was presented above in the section on neurologic assess-
ment. In unresponsive patients, significant noxious stimula-
tion must be used to avoid an erroneous coma diagnosis. If
noxious stimulation is to be used, it must be applied first in
the midline areas (sternum), and then in the limbs, and in the
facial areas as supraorbital ridge pressure. Responses gener-
ated by noxious stimulation should not elicit any activity that
can be attributable to the brain or brainstem. Not infre-
quently, reflexive movements generated from the level of the
spine may suggest brain or brainstem function.96 Some of
these movements include a minor reflexive flexion in the
limb with the application of a noxious stimulant, a slow
flexion at the waist, arms raised independently or together,
stepping movements, slow turning of the head, movement of
toes, facial twitching, or the Babinski reflex.96 If all the clini-
cal prerequisites are met and the reflexive activity is localized
to the spine, the diagnosis of brain death persists.

Examination of brainstem reflexes

Together with the determination of coma, the absence of
all clinical functions of the brainstem must also be estab-
lished. Again, a detailed approach to specific cranial nerves
was provided above; the key findings included total
absence of the pupillary light reflex (cranial nerve 2) and
the persistence of a midpositioned (4 mm) to dilated pupils
(9 mm). The absence any ocular response (cranial nerves
3,4, and 6) with oculocephalic maneuver is consistent with
brain death. For patients with known or suspected cervical
spine injury, head-turning should not be attempted. All
patients undergoing brain death determination should
receive cold caloric testing (cranial nerve 8).94,96,97 During
this test, eyes should not deviate while each ear is irrigated
with 50 ml of cold water. The patient should be observed
for a response for 1 minute following injection, and a
period of 5 minutes should be maintained before testing in
the patient’s other ear. The absence of the cranial nerve 5
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and 7 functions can be documented with the absence of
the corneal reflex and facial grimace to pain. Finally, pha-
ryngeal and tracheal reflexes (cranial nerve 9 and 10)
should be evaluated. The absence of the gag reflex can be
documented by the lack of response to tongue depressor
placed in the posterior pharynx and the absence of the
tracheal cough when tracheal suctioning is applied in intu-
bated patients. The absence of spontaneous respirations or
the need for a full ventilatory support also strengthens the
diagnosis of brainstem injury in brain death.

The apnea test

The apnea test is performed to determine if the patient’s
brainstem can trigger a spontaneous breath given an ade-
quate stimulation of carbon dioxide. To perform the test
adequately, some prerequisites must be met: a core tem-
perature of 36.5 ºC or higher; systolic blood pressure
greater than or equal to 90 mmHg; euvolemia; normal
pCO2 (� 40 mmHg), and normal arterial PO2 with the
option to pre-oxygenate to pO2� 200 mmHg.94 Close
hemodynamic and respiratory monitoring is required
because the procedure is closely associated with hypo-
tension and cardiac arrhythmias,94 especially with the
occurrence of systolic blood pressure�90 mmHg, and sig-
nificant O2 desaturation.

The apnea test should begin with a baseline arterial
blood gas measurement with the patient connected to a
pulse oximeter. The ventilator may then be disconnected,
and 100% O2 should be delivered into the trachea at 6
liters/minute. Oxygen should be delivered using a cannula
placed at the level of the carina. The patient should be
observed for respiratory movements. Respiration-like
movements or abdominal movements may be observed,
but a spirometer may be used to confirm the absence of
tidal volumes. Arterial PO2, PCO2, and pH should be mea-
sured every 3–4 minutes.

The test is positive if respiratory movements are absent
and PCO2 reaches a critical level (i.e.,�60 mm Hg, or
increase is�20 mmHg over baseline).94 The test is negative
if respiratory movements are observed. The test may be
repeated if negative.19 The test result is indeterminate if
PCO2 is�60 mmHg, or increase is�20 mm Hg over base-
line normal level,94 after which an additional confirmatory
test may be considered.

Confirmatory tests

If the determination of brain death cannot be made with
certainty on clinical grounds, such as in cases of severe
facial trauma, pre-existing pupillary abnormality, toxic drug

levels, and severe chronic CO2 retention, confirmatory
testing may be necessary. Confirmatory laboratory testing
findings that may help establish the diagnosis of brain death
include: (1) absence of cerebral filling at the level of the
carotid bifurcation or circle of Willis on conventional
angiography; (2) no uptake of isotope in brain parenchyma
with technetium-99m hexamethylpropyleneamineoxime
brain scan; (3) no electrical activity for at least 30 minutes
on the EEG Brain Death protocol by the American
Electroencephalographic Society; (4) absence of blood flow
on adequate studies with transcranial Doppler; and (5)
absence of bilateral N20–P22 response with median nerve
stimulation on SSEP based on the protocol adopted by the
American Electroencephalographic Society. A detailed dis-
cussion of these tests and procedures is provided in AAN
guidelines.94
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Multiple brain-damaging processes occur both during
cardiac arrest and after return of spontaneous circulation
(ROSC). The first aspect, the actual arrest, is best treated
by rapid institution of artificial circulation/ventilation
and early ROSC. The details and physiologic background
for these procedures are discussed in previous chapters.
This chapter will focus on the early period after restora-
tion of spontaneous circulation and treatment aimed to
prevent or minimize postischemic brain damage after
restoration of spontaneous circulation. The ultimate
importance of the postreperfusion (after ROSC) phase for
long-term outcome is often underestimated. Currently
it is believed that the majority of brain-injuring proces-
ses occur not during the no-flow state (cardiac arrest)
but during resuscitative reperfusion. This latter stage
includes a trickle-, a low-, and a temporary high-flow
period. Since significant injury occurs during the resusci-
tation period, there is a window of opportunity to inter-
vene and affect outcome. Nevertheless, the development
of treatments for the multifactorial postresuscitation syn-
drome is complex and time-consuming and has thus far
led to disappointing results. Numerous treatments effec-
tive in the laboratory have failed or been shown to have
an almost undetectable benefit in clinical studies. Large
multicenter studies – the only way to detect small(er)
benefits – are extremely expensive and time-consuming
and require an enormous administrative and financial
investment. Sometimes ethical concerns about obtaining
informed consent make clinical resuscitation research
increasingly difficult. Nevertheless, definitive clinical
studies are the only way to prove the effectiveness of
resuscitation and postresuscitation treatment; clinically

relevant laboratory studies may only help to select those
that are most promising.

Reperfusion

The regulation of cerebral perfusion is complex and only
partially understood. Loss of perfusion or insufficient per-
fusion also results in loss of regulation. Reperfusion but
not autoregulation is regained with the initiation of car-
diopulmonary resuscitation (CPR). Safar and Bircher have
summarized three steps that occur in the failure of early
post-ROSC perfusion: (a) immediate multifocal no-flow;
(b) transient global “reactive” hyperemia; and (c) delayed,
prolonged global, and multifocal hypoperfusion. Later,
blood flow either normalizes or hypoperfusion continues,
depending on the progress of recovery. Many treatments
after ROSC aim to optimize reperfusion and restore
autoregulation.1

Animal studies have demonstrated that cerebral perfu-
sion early after ROSC is marked by an initial transient
period of hyperemia.2 Although overall cerebral blood flow
at this time is greater than normal, however, it is unevenly
distributed and the needs of the microcirculation are prob-
ably not satisfied. After 15 to 30 minutes of reperfusion,
global cerebral blood flow decreases and generalized
hypoperfusion develops. This inability to sustain cerebral
blood flow after a significant period of flow interruption is
part of the no-reflow phenomenon.3–5 Postischemic blood
flow may be impaired for 18 to 24 hours, after which
regional cerebral blood flow may either improve, corre-
lating with functional recovery, or decline, correlating
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with progressive ischemic damage and cell death.3,4,6

Physiologic mechanisms proposed to explain persistent
postischemic hypoperfusion include vasoconstriction,7,8

decreased red blood cell deformability,7,9 increased
platelet aggregation,4,6,10 pericapillary cellular edema,11

and abnormal calcium ion fluxes.12,13 Intracranial pressure
generally does not increase immediately after ROSC and
therefore is not a major influence on early cerebral perfu-
sion pressure and consequent cerebral blood flow.14–18

Maintenance of adequate cerebral perfusion pressure
(dependent on the individual patient’s baseline blood pres-
sure before arrest) is a mainstay of postresuscitation care. In
normal circumstances, cerebral blood flow is autoregulated
such that it is independent of perfusion pressure over a
wide range of blood pressures (between approximately
50 and 150 torr mean arterial pressure (MAP)).19 After
global brain ischemia, however, autoregulation is lost, and
perfusion becomes dependent on arterial pressure.20–23

Consequently, the occurrence of postischemic hypoten-
sion can severely compromise cerebral blood flow and may
result in additional brain damage.24 Therefore, after restora-
tion of spontaneous circulation, arterial pressure should at
least be rapidly normalized, based on prearrest blood pres-
sure levels, by administering intravascular fluids and vaso-
pressors as needed.8,25

Experimental evidence indicates that, after a prolonged
insult, a transient period of moderate hypertension (MAP
at 130 mm Hg) improves postischemic brain reperfusion
and neurologic recovery.8,26–28 Such transient hypertensive
reperfusion may occur after resuscitation because of epi-
nephrine loading during resuscitation, or may be induced
by administration of vasopressors after ROSC. In dogs an
induced brief period of hypertension (MAP 150 to 200 mm
Hg for 1 to 5 minutes), followed by controlled normoten-
sive blood pressure levels, abolished evidence of the imme-
diate no-flow state29,30 and correlated with improved
outcome.8,26,27 Nevertheless, there are potential risks to such
an aggressive therapeutic approach: pharmacologically
induced hypertension may not be tolerated by the ischemic
heart,11,31 and volume replacement therapy should opti-
mally be guided by monitoring central venous pressure and
pulmonary artery pressure. In animal studies, mildly ele-
vated blood pressure (MAP 130 mm Hg) prolonged over the
first 4 hours after resuscitation was well tolerated.27

Although induced hypertension has not been tested in a
formal clinical trial, early postarrest hypertension was found
to correlate with good cerebral outcome in patients, whereas
hypotension correlated with poor cerebral outcome.32

For control of early postresuscitation blood pressure,
a titrated intravenous infusion of adrenaline or nora-
drenaline may be more effective than phenylephrine or

dopamine. There is also some evidence that noradrena-
line may be less arrhythmogenic.1 Dobutamine may be
preferred later for improvement of cardiac output and
indirect blood pressure support.1,33,34 Further, mechanical
approaches can also support reperfusion. A spectrum of
experimental possibilities, including assisted circulation
with cardiopulmonary bypass or aortic balloon pumping,
is under development and available for trial.

Emergency cardiopulmonary bypass seems to be a
promising approach to accomplish all of the previously
described blood flow-promoting treatments. Animal exper-
iment work strongly suggests a beneficial effect of car-
diopulmonary bypass after prolonged cardiac arrest.35–38

Increased ability to resuscitate the heart and improved
postresuscitation cardiac and neurologic function have
been demonstrated in dogs when cardiopulmonary bypass
was instituted after prolonged ischemic insults.39,40 Use of
this technique on an emergency basis via access to femoral
vessels may allow restoration of spontaneous circulation in
patients refractory to standard CPR and advanced cardiac
life support, especially in cardiac arrest secondary to intox-
ication with central nervous system (CNS) depressant
drugs. It may also improve reperfusion of the brain, thereby
significantly ameliorating postischemic brain damage.
Further, it may assist in the delivery of cerebral resuscita-
tive medications that have cardiodepressant properties.
Cardiopulmonary bypass appears to be one of the most
effective techniques for rapid induction of therapeutic
hypothermia (see discussion of hypothermia). Taken
together, the beneficial effects of cardiopulmonary bypass
are: (a) to help establish ROSC by optimizing coronary
reperfusion; (b) to reduce cardiac work during the early
period after ROSC; (c) to reduce the use of catecholamines
and in turn reduce myocardial oxygen demand; (d) to allow
safe delivery of treatments after ROSC; and (e) to be a
potential bridge to heart surgery and heart transplant, if
needed. Unfortunately, the practicality of initiating car-
diopulmonary bypass during CPR has thus far been limited
by the time required for vessel cannulation. Clinical feasi-
bility studies have had limited success in improving
outcome.41 Nevertheless, selective clinical use of this tech-
nique may hold promise for future cardiac and cerebral
resuscitation.1,38,41–43

During the last 10 years several other invasive flow-pro-
moting resuscitation techniques were reevaluated. These
include a cup-like direct mechanical ventricular assist
device,44 which requires a relatively large thoracotomy for
placement, and a mini-plunger MID-CPR (minimally
invasive CPR) placed directly on the pericardium inserted
via a small thoracic incision.45–47 This latter device was
developed for actual resuscitation and not for promotion
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of postresuscitative blood flow. For several reasons, none
of these modified CPR techniques has reached clinical
acceptance or has been proven to be sufficiently effective
in general use. Techniques to improve postischemic
organ perfusion by modifying the rheologic characteris-
tics of blood have also been studied.48 Therapies tested in
experimental models include hemodilution with crystal-
loids, colloids, and fluorocarbons;49 anticoagulation
and/or fibrinolysis with heparin and/or strepto-
kinase;49–51 blocking of platelet aggregation with
prostaglandin inhibitors, such as indomethacin;52 and
the use of calcium entry-blocking drugs to improve
deformability7,9 of red blood cells and microcirculatory
flow. The potential benefit of thrombolytic agents
remains speculative. In a study of VF in pigs, however,
application of hypertonic saline as well as hypertonic HES
saline during CPR improved myocardial blood flow, ROSC
rate, and survival rate significantly;53 further studies are
planned. New stroma-free hemoglobin (SFH) solutions,
currently under development, have so far failed to
improve outcome.54,55 Nonetheless, diaspirin cross-
linked hemoglobin (DCLHb) treatment in a 5-min VF, 10
min-CPR pig study increased the ROSC rate, and provided
better myocardial O2 delivery, venous blood O2 content,
and myocardial and cerebral perfusion pressure.56 The
author concluded that this effect was most likely related
to improved coronary perfusion and myocardial oxygen
delivery. The problem of maximizing blood flow by
decreasing viscosity with hemodilution while avoiding a
compromise of blood oxygen-carrying capacity has not
been resolved. At present, none of these experimental
therapies are ready for clinical trials.

Tissue oxygenation

Adequate oxygenation and ventilation of tissues are neces-
sary to preserve cellular function and to allow post-
ischemic reparative processes to occur. Normal arterial
PO2 levels should be maintained by using the lowest FIO2

possible. Some controversy currently exists concerning the
possible role of high arterial oxygen levels in the generation
of postischemic, reperfusion-induced free radicals. In
recent dog studies,57 prolonged maximal O2 administra-
tion (before and after arrest) worsened outcome. This was
thought to be caused by a triggering of reoxygenation
injury cascades induced by free radicals.57–60 Nevertheless,
hippocampal damage in rats resuscitated from cardiac
arrest either with hyperoxia (FiO2 1.0) or normoxia (FiO2

0.21) did not differ.61 Therefore, at this time no changes in
current clinical practice are recommended.

Ventilation and acid–base balance

Although hyperventilation is still practiced, controversy as
to its benefit has developed.62,63 In pigs hyperventilated
during resuscitation, coronary perfusion pressure and
postresuscitative survival dropped significantly with
higher ventilation rates.64,65 It has been hypothesized that
after prolonged cardiac arrest, early hyperventilation may
create a reverse-steal phenomenon that would improve
blood flow to the most severely insulted areas of the brain.
In these areas, blood vessels lose CO2-mediated vasomotor
responsiveness, whereas vessels in less injured areas may
maintain the ability to constrict as CO2 is lowered. Thus,
with hyperventilation, blood may be shunted to the worst
areas. Although this modulation of blood flow has been
shown to occur, improved outcome has not.66 Data from
patients with head injury suggest that hypocapnia,
induced by hyperventilation, may decrease cerebral blood
flow and increase differences in cerebral arteriovenous
oxygen content, which may worsen neurologic outcome.67

In brain trauma patients with Glasgow Coma Scale scores
below 8, neurologic outcome was worse when PaCO2 was
controlled to 24 mm Hg compared to normocapnia
(35 mm Hg).68 With prolonged hyperventilation, cere-
brospinal fluid and renal transport mechanisms attempt to
compensate by retaining HCO3.69 After approximately 4
hours, the effectiveness of hyperventilation may gradually
decline.70 Currently, evidence is insufficient to recommend
an optimal PaCO2 level to be maintained.71–75

During the early postresuscitation period, washout of
elevated tissue PCO2 into the systemic circulation occurs.
In this phase, hyperventilation may help correct post-
ischemic tissue acidosis by enhancing excretion of the CO2

load generated during ischemia and by the administration
of CO2-generating buffers during CPR.

If hypoperfusion is prolonged after ROSC, the increased
tissue CO2 and the associated acidemia may require phar-
macologic treatment. Several buffer solutions are currently
in clinical use and are under investigation. Sodium bicar-
bonate, used during CPR since the early 1960s, is now sub-
jected to critical investigation because CO2 is produced
during a reaction with hydrogen ions. Beside other poten-
tial side effects, this additional hypercarbic load may theo-
retically depress myocardial resuscitability, although
animal studies of HCO3 administration after 5 or 10
minutes of ventricular fibrillation found no harm to the
heart and possible benefit to the brain.76–78 Bicarbonate
may only be advantageous when combined with epineph-
rine; this possibility may not have received enough atten-
tion in past studies.76,78 Other potential buffer agents, such
as Tribonate (NaHCO3 �THAM�phosphate acetate) and
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Carbicarb (Na2CO3 �NaHCO3), are available. In animal
studies, low dose Carbicarb (3 ml/kg) administered during
resuscitation from asphyxial cardiac arrest attenuated aci-
dosis, improved resuscitation, and reduced neurologic
deficits and the number of dead hippocampal neurons.79

Currently, clinical data are insufficient to support the effec-
tiveness of the use of these drugs during CPR.

In general, buffer solutions should be withheld as an
initial intervention during CPR, especially after short arrest
periods. When arrest or CPR duration is prolonged, buffer
administration may be useful and should be tested in a
clinical trial.

After restoration of spontaneous circulation, buffer
therapy may be beneficial. Bicarbonate deficit can be esti-
mated by the following formula:

bicarbonate deficit�0.3�body weight (kg)�

base deficit

Moderate acidemia should be treated initially with an
amount of bicarbonate that is only half of the calculated
deficit, after which the acid–base status should be cor-
rected over the next few hours. Profound metabolic
acidemias should be treated with a bicarbonate bolus of
about 1 meq/kg (50 to 150 meq) followed by closely con-
trolled titration. Outcome studies testing the benefit of
postresuscitation buffer treatment are needed.

Immobilization and sedation

In the comatose patient the brain responds to external
stimuli such as physical examination or airway suctioning
with increases in cerebral metabolism and intracranial
pressure. This elevated regional brain metabolism
requires increased regional cerebral blood flow at a time
when oxygen supply and demand may be precariously
balanced. Protection from afferent sensory stimuli with
administration of titrated doses of sedative-anesthetic
drugs and (carefully titrated) muscle relaxants may
protect this balance and improve the chance for neuronal
recovery, although clinical trials are needed to support this
hypothesis.

Anticonvulsant therapy

Seizure activity can increase brain metabolism 300 to
400%.80–82 This extreme increase in metabolic demand may
tip the tissue oxygen supply : demand balance, causing
unfavorable neurologic consequences. Clinical evidence
confirms this effect after cardiac arrest (Brain Resuscitation

Clinical Trial I, unpublished data). Outcome is worse if con-
vulsions occur at any time within the first 3 days after resus-
citation. Not surprisingly, the number of seizures correlates
with poor outcome. Although controversy exists about the
prophylactic use of anticonvulsant drugs, it is generally
agreed that after any signs of seizure activity, anticonvulsive
therapy should be administered immediately. Commonly
used drugs include barbiturates, phenytoin, and benzodi-
azepines. Phenytoin has been reported to improve neuro-
logic recovery after experimental global brain ischemia
through postulated mechanisms independent of its anti-
convulsant effect, such as membrane stabilization.83,84

Potential beneficial effects of barbiturates are discussed
later in this chapter.55

Other metabolic factors

Hyperglycemia (observed or experimentally induced)
before cardiac arrest has detrimental effects on neurologic
outcome.85 The higher glucose supply available during
ischemia and low-flow states serves as a reservoir for con-
tinued anaerobic metabolism and results in increased
lactate production.86 Although control of hyperglycemia
before arrest is not feasible, blood glucose levels after
ROSC can be controlled. In experimental models of fore-
brain ischemia, hyperglycemia after insult was shown to
exacerbate ischemic brain dysfunction.87–89 In a rat study
of asphyxial cardiac arrest, however, administration of
glucose during reperfusion did not worsen neurological
outcome, most likely because glucose is required for recov-
ery of cellular metabolism after ROSC.90 Frequently, blood
glucose levels observed immediately after resuscitation are
elevated, probably because of severe stress and cate-
cholamine release. Reports of detrimental neurologic out-
comes in patients with hyperglycemia after ROSC probably
reflect the correlation with prolonged resuscitation time
rather than a primary effect of the hyperglycemia.91

Although human studies have not clearly demonstrated a
correlation between elevated glucose levels and the effect
on neurologic outcome, some clinicians now recommend
that at least highly elevated blood glucose levels should be
treated aggressively with insulin.

Interestingly, experiments in rats have shown that
postischemic high dose insulin treatment may reduce neu-
rologic damage89,92,93 independent of its glucose-lowering
effect. Insulin may also be beneficial for normalization of
cerebral blood flow, metabolism, and cardiac function, as
well as postulated reparative effects. It seems rational to
combine glucose (metabolic substrate for tissue repair)
with insulin, to support transport mechanisms and to
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avoid hypoglycemic side effects. Recently, it has been
demonstrated in rats that postresuscitation treatment with
a combination of glucose, 1 g/kg, and insulin, 1.2 	g/kg,
improved outcome significantly as compared to treatment
with placebo, low dose insulin only, or glucose only.90

In contrast to the uncertainty concerning the effect of
elevated blood glucose levels after cardiac arrest, pro-
longed hypoglycemia is detrimental.90,94,95 Hypoglycemia
interrupts the autoregulation of cerebral blood flow, dis-
turbs cerebral metabolism, and compromises membrane
stability. Thus hypoglycemia after resuscitation must be
avoided.

Neurologic protection, preservation, and
resuscitation barbiturates

Among the first potential neuroprotective agents to be
tested, barbiturates appeared promising because of their
ability to reduce cerebral metabolism,96 edema,97 intracra-
nial pressure,26 seizure activity,98 and damage induced
by focal and incomplete ischemia.99–101 Barbiturates
also seemed to improve postischemic brain oxygen
supply:demand ratios,102 cell energy charge,103 and cyclic
adenosine monophosphate (AMP) stores,104,105 and to
lower accumulation of free fatty acids.106,107 The most influ-
ential experimental work indicating that barbiturate
administration after complete global brain ischemia ame-
liorated neurologic damage was performed on rhesus
monkeys in the mid 1970s. Even though these studies had
methodological problems with blood pressure control,
they stimulated studies of clinical feasibility108 and pilot
trials of thiopental loading in comatose CPR survivors,109

which indicated that high doses of this drug might be
administered safely, and also suggested a beneficial effect.
A randomized clinical trial of thiopental loading (with up
to 30 mg/kg5,110–112) between 1979 and 1983 did not show
statistically significant differences in neurologic outcome
between control and treatment groups.113–115 On the basis
of these data, high-dose thiopental loading has not been
recommended for routine clinical use after cardiac arrest.
The story may not be completely closed, however, because
several studies in dogs have shown a significant improve-
ment in histological outcome with high-dose barbiturate
loading (90 mg/kg) after cardiac arrest.55,116

Steroids

Commonly administered to patients with intracranial
pathologic conditions, steroids may stabilize lysosomal

membranes and prevent release of lytic enzymes,48,117 sta-
bilize mitochondria and preserve adenosine triphosphate
(ATP) synthesis,8,118 inhibit release of free fatty acids from
cell membranes,119,120 and scavenge free radicals generated
during postischemic reperfusion.120 All of these proposed
mechanisms contribute to the rationale supporting the use
of steroids. Although there is evidence that steroids are
beneficial for patients with intracranial tumor-related
cerebral edema,119,121 no clinical evidence documents their
efficacy for treatment of brain ischemia.121

Methylprednisolone, one of the most widely used
steroids, has been shown potentially to improve functional
and histological outcome after blunt spinal injuries,122–127

and when used in dogs after cardiac arrest (as part of a mul-
ticomponent treatment) it improved outcome slightly (see
discussion of combination treatment).

The effectiveness of 21-aminosteroids (“lazaroids”) after
global ischemia is still under investigation. Animal models
of trauma and focal brain ischemia treated with amino-
steroids showed improved outcome.128–130 After cardiac
arrest, however, 21-aminosteroids improved neurologic
outcome only when given as a pretreatment.131,132 New
21-aminosteroids are currently under investigation, but
sufficient data are not yet available.133,134

Calcium channel-blocking drugs

The potential beneficial effect of calcium channel blockers
after cardiac arrest has been demonstrated in (at least) four
organ systems:
1. Blood: decreased platelet aggregation, increased red

blood cell (RBC) deformability, and decreased blood
viscosity7,9,90

2. Vessels: decreased vasoconstriction135,136

3. Neurons: decreased calcium entry resulting in
improved ATP production and decreased production of
cytotoxic chemicals12,137–140

4. Systemic circulation: improved oxygen supply:demand
ratio in myocardium and other tissues.141

Postischemic cerebral blood flow may be improved
through amelioration of cerebral vasospasm and redistrib-
ution of regional flow.142 It appears that certain calcium
channel blockers have a greater effect on cerebral vessels
than on peripheral vessels because cerebral vascular
muscle tone is more dependent on the entry of extra-cel-
lular calcium.143 In controlled, blinded animal studies, lid-
oflazine improved neurologic recovery in dogs when
administered after cardiac arrest.18,144 Nimodipine had the
same result in monkeys after cerebral ischemia caused
by hypotension and neck tourniquet compression.135
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Nevertheless, well-conducted clinical trials did not
confirm these promising animal experimental findings. No
difference was found between patients treated with lid-
oflazine or standard therapy after cardiac arrest.145 The
reason for these disparities in clinical trials is uncertain,
but the beneficial neuroresuscitative properties of these
drugs may be neutralized by their deleterious cardiovascu-
lar effects. Clinical trials of nimodipine and flunarizine,
two other experimental calcium channel blockers, also
failed to show evidence of improvement.96,146

Temperature control

It is well established that brain temperature before, during,
and after cerebral ischemia has a major influence on cere-
bral outcome.147–149 Extensive animal experimentation, as
well as clinical case reports (especially of drowning
victims) as early as the 1970s have shown that hypothermia
improves neurological functional outcome after cardiac
arrest. The effectiveness and safety of hypothermia after
cardiac arrest seems to be maximal between 32 and 34�C, a
level termed mild hypothermia.22,148,150 Temperatures
below 32 �C do not seem to increase neuroprotection, but
are known to increase the side effects of hypothermia,
including increased blood viscosity, decreased cardiac
output, and increased susceptibility to infection. The ben-
eficial laboratory data on mild hypothermia was so
impressive that a push to have mild hypothermia used as a
treatment for cardiac arrest has been advocated for
years.151 Two well-controlled, prospective clinical trials
demonstrated that mild (32–34 �C) hypothermia induced
as early as possible during cardiac arrest and resuscitation
improved neurological outcome.152–154 Although hypother-
mia is an effective method of suppressing cerebral meta-
bolic activity, its beneficial effects on cerebral ischemia are
believed to differ from CNS depressant drugs. Mild
hypothermia not only attenuates the deleterious effects of
reperfusion disease,155–157 but it may have an active role in
improving cerebral blood flow and increasing expression
and production of brain-derived neurotrophic factor
(BDNF).158,159

Unfortunately, the beneficial effect of hypothermia
on eurological outcome after cardiac arrest is time-
dependent. The earlier that hypothermia is induced during
cardiac arrest, the more effective it will be in improving neu-
rological outcome.160 Interestingly, patients early after
cardiac arrest have a slight decrease in body temperature,
so the magnitude of temperature decrease to reach
therapeutic mild hypothermia is relatively small.161

Normal counter-regulatory mechanisms, such as shivering,

however, can slow the process of reaching a therapeutic
level.162 Recent research suggests that the brain’s thermostat
can be pharmacologically reset to a lower control tempera-
ture to speed the rate of attaining therapeutic hypother-
mia.163,164 In addition, current therapies are available to
overwhelm these counter-regulatory mechanisms and
achieve therapeutic hypothermia.165,166 The precise dura-
tion of hypothermia necessary to attain its maximal benefit
on neurological outcome has not been established;
however, it appears that a minimum of 24 hours of forced
mild hypothermia is required to assure that the benefit of
therapy is long lasting.167,168 The optimal method and rate of
rewarming after hypothermia has also not been well
studied; it is apparent, however, that rapid rewarming
(greater than 0.5 �C/hour) may be deleterious to neurologi-
cal outcome).169,170 Rewarming is a critical component of
therapeutic hypothermia, as several animal studies have
documented that even modest hyperthermia worsens his-
tological outcome after an ischemic insult and may negate
many of its beneficial properties.149 Since cerebral meta-
bolic rate changes by about 8% per degree Celsius change in
body temperature,171–173 and regional cerebral metabolic
rate determines regional blood flow requirements, elevation
of temperature above normal creates the possibility for a
significant imbalance between oxygen supply and demand.
In addition, the denaturing effect of hyperthermia on pro-
teins may exacerbate structural and biochemical damage.
In general, hyperthermia in the postischemic period must
be treated aggressively to reduce secondary brain injury.

Cerebral regeneration

The focus of cardiac arrest research has been on reducing
brain injury during reperfusion, a field of study referred to
as cerebral resuscitation.174,175 Nevertheless, until recently
there has been no research on developing therapies once
brain damage has occurred, a phenomenon referred to as
cerebral regeneration. The potential to utilize stem cells to
repair or replace an injured region of the brain is an area of
intense research. Stem cells are broadly categorized as
being either embryonic or organ-specific in origin.
Oncological research on cell differentiation led to the con-
sideration that embryonic tissue may have therapeutic
value for organ repair.176 The brain is a particularly attrac-
tive organ for transplant experiments, because it is hist-
orically and clinically considered to have minimal
regenerative capabilities after structural damage.177,178

Experiments with fetal tissue have contributed immensely
to the understanding of embryonic stem cell physiology
and the potential for tissue repair, especially in the
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brain.179,180 However, in addition to ethical concerns and
mechanical limitations of transplantation, fetal tissue
is composed of heterogeneous embryonic stem cells,
making interpretation of transplant experiments complex.
Identification of neural stem cells and neurogenesis in the
adult brain has allowed for detailed in vitro analysis of neu-
ronal stem cell development and differentiation as well as
in vivo transplant experiments.181 The advances resulting
from studying neurogenesis have brought stem cell trans-
plantation closer to reality as a therapy for tissue repair in
the brain. The recognized multipotential of adult stem cells
has raised enthusiasm for the notion that stem cells from
adult organs aside from the brain may provide unique
mechanistic information and therapies for a variety of
disease processes, including brain injury.182–185

Combination therapies

All novel treatments described in this chapter have shown
promise of improvement in outcome in laboratory
studies but, except for mild hypothermia, have failed to
bring a breakthrough in clinical practice. The complexity
of pathologic mechanisms before and after cardiac arrest
makes it unreasonable to believe that the treatment of an
isolated mechanism could bring a therapeutic break-
through. Perhaps future research on clinical treatment
approaches should simultaneously target at least several
of the mechanisms in the postresuscitation syndrome by
combining the most promising and clinically relevant
results from mechanism-oriented research. Intensive
animal research – preferably with outcome models in

large animals – should be performed before initiating
clinical trials. An example of this is the research strategy at
the International Resuscitation Research Center. In a
recently performed series of dog outcome studies54,55,186

the effects of various combination treatments aimed at
treating numerous physical and pharmacologic compo-
nents of the postresuscitation syndrome were tested by
using an established intensive care model (Table 51.1). All
components included were previously reported as signif-
icantly beneficial for improving outcome in other models.
A stepwise combination of physical (hemodilution,
hypothermia, normocapnia, initial hypertension) as well
as pharmacologic (steroid, barbiturate, anticonvulsive,
antimetabolic) interventions was used. Combining these
treatments improved outcome only to a limited extent.
Drug interactions and combination side effects may be
the reason for the plateau in improvement and partially
worsened outcome in these highly complex treatment
groups.

Hemodynamic support

The eventual outcome of cardiac arrest has only recently
been shown to be influenced by complex postresuscitation
hemodynamic derangements.187,188 Several issues may
explain why promising therapies from animal studies have
not translated into significant improvement in neurologic
outcome in humans. First, downtimes in humans may be
underestimated so that the total ischemia time, including
the low-flow state of CPR, may be outside the effective
window for neuronal recovery. This can only be solved by
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Table 51.1. Experimental postresuscitation combination treatments with clinical orientation taken from an animal
laboratory protocol of the International Resuscitation Research Center (University of Pittsburgh, PA)

Normothermic Hypothermic Comb. 1 Comb. 2 Comb. 3 Comb. 4 Comb. 5 Comb. 6

Temperature �C 37.5 34 34 34 34 34 34 34

Hematocrit % 40 40 40 40 30 12 40 35

paCO2 mmHg 30 30 30 30 40 30 30 35

Blood pressure (MAP) mmHg 100 100 130 130 100 130 130 130

Barbiturate mg/kg – – 90 30 30 – 30 30

Phenytoin mg/kg – – – 15 15 – 15 15

Methylprednisolone mg/kg – – – 130 130 – 130 130

Deferoxamine mg/kg – – – – – – – 185

MgSO4 mg/kg – – – – – – 290 160

Vitamin C mg/kg – – – – – – 200 200

Stroma-free hemoglobin ml/kg – – – – – 12.5 – –

Source: From Ebmeyer, U, Safar, P, Radovsky, A. et al. Exploratory studies of effective combination treatments for cerebral resuscitation

from cardiac arrest in dogs [partially unpublished].55



increasing access to and response by emergency medical
services. Second, in contrast to laboratory studies of
cardiac arrest where animals receive immediate and
aggressive postresuscitation care, hemodynamic support
for initial survivors of cardiac arrest is often much more
variable and less aggressive. Because of the historically
poor neurologic prognosis of patients resuscitated from
cardiac arrest, many clinicians do not provide these indi-
viduals with aggressive care. Nevertheless, because it is not
possible immediately after resuscitation to predict defini-
tively what the ultimate neurologic outcome will be,
patients should initially be subjected to aggressive postre-
suscitation management for at least 24 hours. This should
include attention to management in global terms; that is,
to consider effects on other organ systems that may ulti-
mately affect the heart and brain.

As already stated, the heterogeneous underlying causes
of cardiac arrest in humans present a tremendous chal-
lenge: their treatment clearly influences the outcome of this
insult. Since cardiac arrest is a symptom rather than a dis-
order per se, it is essential to identify and treat any underly-
ing disease (e.g., respiratory diseases, pulmonary embolus,
myocardial ischemia, toxic agents, and metabolic abnor-
malities) after ROSC in order to prevent rearrest.

In terms of oxygen delivery (DO2), oxygen consumption
(VO2), and oxygen debt, most patients are in a state of
shock after ROSC.187–190 Postresuscitation shock differs
from primary cardiogenic shock, however, because of two
important events: (a) it is preceded by a period of systemic
no-flow and/or extremely low flow during cardiac arrest
and CPR; and (b) large doses of catecholamines are usually
administered during CPR, which, together with increased
output of endogenous catecholamines, may result in
further global oxygen debt, impaired myocardial function,
and impaired ability to extract oxygen.187,188 To what extent
these abnormalities are reversible is apparently related to
the events just described. In studies of other forms of
shock, survival and degree of multiorgan failure are found
to be related to the cumulative oxygen debt.190 For a 70-kg
man, an oxygen debt of less than 4100 ml/m2 is rarely if
ever fatal; 50% mortality occurs at an oxygen debt of
4900 ml/m2; and mortality reaches 95% when oxygen debt
exceeds 5800 ml/m2. Oxygen debt is difficult to calculate in
humans after cardiac arrest since baseline VO2 is unknown
and the duration of cardiac arrest and prearrest events
is also often not known. Assuming a baseline VO2 of
120 ml/min/m2, however, a 30-minute cardiac arrest will
result in an oxygen debt of 3600 ml/m2, which is not likely
to present a serious problem with dysfunction of many
extracerebral organs. Nevertheless, Rivers et al. have
shown that additional oxygen debt accumulates during the

postresuscitation period, which may lead to multiorgan
dysfunction.187,188 Some problems may be due to inappro-
priate use of catecholamines and reliance on inadequate
monitoring (i.e., blood pressure and pulse rate) to guide
therapy, as well as insufficient attention to ensuring ade-
quate oxygen transport to the rest of the body.

After ROSC, it is important to determine whether the
patient is evolving a myocardial infarction. Standard 12-
lead and right-sided electrocardiograms (ECGs) should be
obtained as soon as possible to search for ongoing
ischemia. Without an appropriate history, it may be difficult
to determine whether ischemia showing on the ECG is the
cause or result of the cardiac arrest. Treatment for the post-
arrest patient evolving a myocardial infarction is obviously
optimized if a well-thought out multidisciplinary approach
is in place. Patients who have had less than 10 minutes of
CPR without evidence of CPR-induced trauma and who are
not in vasopressor cardiogenic shock should be considered
for thrombolytic therapy.191 Patients who have had more
than 10 minutes of CPR or significant CPR trauma should
be considered for immediate angioplasty. Without effective
revascularization strategies, myocardial dysfunction is
likely to worsen and lead to hypoperfusion of many organs,
including the brain. If ischemia is continuing, use of vaso-
pressors to maintain perfusion pressures may increase
myocardial oxygen demand above supply, which might
result in extension of the infarct or promote dysrhythmias
and lead to rearrest. Other hemodynamic supporting mea-
sures, such as intraaortic balloon pumping or percuta-
neous cardiopulmonary bypass, should be considered to
increase oxygen delivery and utilization without placing a
further burden on the ischemic heart. Heparin and aspirin
may be given if there is no evidence of hemorrhage or pro-
found prolonged hypertension. Nitrates and �-blockers as
adjunctive therapy are best used when guided by invasive
hemodynamic monitoring.

Defects in oxygen utilization, which are observed to
various degrees after ROSC, will alter the relationship
between VO2 and DO2.187,188 Many patients have venous
hyperoxia at lower ranges of DO2, indicating impaired
extraction.187 Thus, mixed venous oxygen saturation (SVO2)
will be higher and VO2 will be lower than values predicted
at any given DO2 under normal conditions. This state indi-
cates ongoing ischemia, shown by continued production
of lactic acid, and decreased survival. Notably, these
abnormalities cannot be predicted by simple measure-
ments of blood pressure, heart rate, central venous pres-
sure, or initial lactate levels.187–189,192

Even though oxygen debt after ROSC cannot be calcu-
lated accurately, the debt can be repaid with variable
success if the abnormalities described above are taken into
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consideration. Because of possible decreases in metabolic
demand after resuscitation, the debt may be repaid at VO2

values that are lower than those at baseline. VO2 values
below 90 ml/min/m2 are associated with 100% mortality at
24 hours after arrest.187,188 Inadequate VO2 during the
postresuscitation period may be due largely to insufficient
DO2 and to microcirculatory defects. Critically ill patients
with DO2 below 330 ml/min/m2 show progressive lactic
acidosis.189,193 In a specific study of initial survivors of
cardiac arrest, those who did not survive to hospital dis-
charge had a maximal DO2 of 165 ml/min/m2, whereas sur-
vivors had a DO2 of 495 ml/min/m2.187,188

Derangements in oxygen transport are best detected
and treated by appropriate hemodynamic monitoring.
Pulmonary artery catheter monitoring, particularly with
oximetric capabilities, provides the most useful informa-
tion, including calculations of DO2, VO2, and oxygen
extraction ratios. If this technique is not available, central
venous pressure (CVP) monitoring at the level of the right
atrium with continuous or intermittent monitoring of
central venous oxygen saturation (Scvo2) is appropriate,
even though cardiac output cannot be measured directly.
Changes in output may be estimated from changes in SVO2,
blood pressure, heart rate, CVP, and lactic acid. In the
future, non-invasive bioimpedance equipment194 and
gastric tonometry to monitor DO2 to the visceral organs195

may aid recognition of decompensation or inadequate
resuscitation.

SCVO2 and SVO2 have been helpful in monitoring
patients, because patients may show normal vital signs
even with diminished tissue oxygenation.196–199 Many of
these patients will show abnormally low SVO2, which is cor-
related with increasing lactic acidosis and continuing
shock.192 SVO2 decreases when DO2 has been compromised
by declines in hemoglobin, cardiac output, or oxygen satu-
ration or if VO2 has exceeded supply. As already stated,
however, SVO2and SCVO2 alone should not be the sole ther-
apeutic guide, because patients with normal or elevated
values may have optimal or suboptimal DO2 with a low VO2

because of gross impairments of oxygen extraction.
Sequential monitoring of lactate is helpful, with a goal of
clearance of 2.5%/hour, which has been associated with
improved survival.193,200

In postresuscitation cardiogenic shock, it may be diffi-
cult to increase DO2 levels to above normal values (greater
than 600 ml O2/min per m2) as suggested in other shock
states.201,202 Nevertheless, in studies in acute myocardial
infarction with cardiogenic shock, carefully monitored
aggressive dobutamine and fluid administration can
increase DO2 to about 400 ml/min per m2, which increases
VO2 above 100 ml/min/m2 and improves survival.189 When

delivery-independent VO2 is reached in this manner,
further increases in DO2 will not result in further signifi-
cant changes in VO2. Large increases in SVO2 will be seen,
however, indicating improved oxygen availability.

Increasing catecholamines in patients with limited
cardiac reserve may be problematic because they may
adversely affect myocardial oxygen demand and exacer-
bate defects in oxygen utilization. When catecholamines
are the only option, volume status should be optimized
with a combination of crystalloids and colloids, guided
by pulmonary artery or central venous pressures. With
volume status optimized, dobutamine and/or noradrena-
line may be more effective than dopamine in enhancing
oxygen delivery and utilization.189,203 Supplemental corti-
sol may also be beneficial and decrease the need for vaso-
pressors, given the significant impairment of adrenal
function found in the postresuscitation period.204,205

Vasodilators may be required in the postresuscitation
state to control hypertension or improve flow by reducing
afterload. Since hypertension may occur when volume is
depleted, preload should be optimized before vasodilator
therapy is instituted.206,207 Figure 51.1 provides a postresus-
citation hemodynamic algorithm based on goal-directed
therapy, taking into account that pulmonary artery moni-
toring may not be available. Until routine monitoring of
cerebral arteriovenous oxygen and lactate gradients can be
made via such methods as jugular venous bulb catheteri-
zation, this goal-directed therapy may be the best readily
available alternative to promote adequate cerebral oxygen
delivery.208 Therefore, the algorithm may be viewed as a
neuronal salvaging strategy and should help provide
adequate oxygen delivery to both cerebral and extracere-
bral organs and repay oxygen debt, thus potentially pre-
venting development of systemic inflammatory response
syndrome and multiorgan dysfunction and failure. The
effect of any additional salvaging agents or strategies on
these hemodynamic goals should be taken into account.
Notably, no therapy will be successful if it is administered
outside the effective window.

Summary

For more than 40 years the multifactorial cerebral post-
resuscitation syndrome has been intensely investigated
experimentally and clinically; nevertheless, the mecha-
nisms and interactions underlying this syndrome remain
poorly understood. Treatment trials have focused on only
one or a few components of the complex of reactions.
Hemodynamic resuscitation guided by oxygen transport
measures has been largely neglected, although attention to
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VO2 < 90 ml/min per m2

or

Lactate clearance < 5%/h

MAP > 90 mmHg       

1. Assure  CVP or PCWP

�15 mmHg

2. Decrease afterload

Nitroprusside or NTG

MAP 70–90  mmHg        MAP < 70 mmHg

CVP  or PCWP 

> 15 mmHg

CVP  or PCWP 

< 15 mmHg

Increase pre-load

(a) IV crystalloid or colloid
(b) Transfuse if Hb <10 g/dl

Increase contractility

and/or afterload

(a) Norepinephrine 
(b) Dobutamine
(c) Consider IABP

Not meeting goals

ScvO2 or SvO2 < 65% or lactate clearance < 5%/h

and

VO2 > 120  ml/min per m2

Decrease VO2

(a) Decrease temperature
(b) Sedation and paralysis

Optimize DO2

(a) Optimize  CO
Optimize pre-load
Optimize contractility
Consider IABP or CPB

(b) Optimize arterial O2 content

MAP 70-90 mmHg SaO2 94–99%

CVP/PCWP 10–15/15–18 mmHg ScvO2 65–75%

Hemoglobin �10 g/dl DO2 400–500 ml/min/m2

Lactate < 2.0 mM VO2 > 90 ml/min/m2

Temperature 32–34.0 ˚C for 12–24 hrs then

consider 36–37.0 ˚C

Postresuscitation Goals

Avoid VO2 dependent  on DO2

ECG:  If evolving MI then prepare for PTCA or immediate

thrombolysis while meeting post-resuscitation goals

ScvO2or SvO2 < 65% 

 or 

Lactate clearance < 5%/h

ScvO2 or  SvO2 > 65%

/SvO2

Fig. 51.1. Postresuscitation goal-directed treatment algorithm. These suggested targets and means of achieving them should begin to be

instituted as soon as possible after ROSC to prevent further oxygen debt and the development of multiorgan system dysfunction and

failure. This should be viewed as a neuronal salvaging strategy in itself. All other neuronal salvaging agents or strategies should take into

account how they will affect oxygen transport and utilization characteristics of the body as a whole. PCWP, pulmonary capillary wedge

pressure; PTCA, percutaneous transluminal coronary angioplasty; NTG, nitroglycerin; IABP, intraaortic balloon pumping; CPB,

cardiopulmonary bypass.25,209 (From ref. 25 and 209.)



these variables alone might reduce the number of deaths
in the immediate postresuscitation period and the fre-
quency of multiorgan dysfunction later in the course, and
also improve neurologic outcome in some individuals. For
fully effective neuronal salvaging, early attention to the
consequence of treatment on oxygen transport to all other
organ systems is critical. In addition, mild induced
hypothermia should become the standard of care for the
neurological treatment of patients who remain comatose
after resuscitation from cardiac arrest as long as cardiovas-
cular function is stabilized. Since it is unlikely that a single
pharmacologic “magic bullet” will ever be found to relieve
this complex syndrome, current research focuses on com-
bination treatments. With the combination of treatments
reviewed in this chapter, improvement in neurologic
outcome may be possible (Table 51.1).
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Introduction

Despite an overall reduction in death caused by cardiovas-
cular diseases, the percentage of death due to arrhythmia-
related sudden cardiac death (SCD) has remained high
(Fig. 52.1) and is largely accounted for by an increase of death
in women over 65 years old (described in detail in Chapter
23).1 Due in part to its unpredictability and the logistical lim-
itations of immediate access to medical care, the likelihood
of surviving an SCD event is estimated between 1% and 5%
both in the United States and abroad. Commonly, these
events occur in individuals with known cardiac disease
(Table 52.1) and can be the initial manifestation of an under-
lying structural abnormality in 33%–50% of all SCD cases.
Although the two most important risk factors for SCD are left
ventricular systolic dysfunction2 and the presence of
decompensated heart failure,3 SCD has also occurred in oth-
erwise healthy individuals with structurally normal hearts
and accounts for the bimodal distribution of its incidence
with age, particularly in those less than 45 years old.4 This
chapter highlights the syndromes with increased risk of
sudden death due to ventricular tachyarrhythmias in the
otherwise structurally normal heart. Classic conditions such
as right ventricular outflow tract tachycardia and idiopathic
ventricular tachycardia are beyond the scope of this chapter
because of their low propensity toward sudden death.

Electrophysiologic processes underlying sudden
cardiac death

Electrical impulses conducted through myocardial tissue
can be fundamentally described by the cardiac action

potential, which is composed of four different phases of
activity (Fig. 52.2). Cardiac action potentials are typically
longer than those of other excitable tissues such as neural or
striated skeletal muscle cells and range between 200 and
400 msec (in contrast to the latter type of tissue in which the
range is between 1 and 5 ms). The action potential profile is
governed by the orchestrated activity of multiple ionic cur-
rents, each with distinctive time- and voltage-dependent
amplitudes as a result of several ion-specific transmem-
brane channels and transporters. Some are involved with
passive flow of ions along electrical and concentration gra-
dients, whereas others are energy-dependent processes that
drive ion movements against electrochemical gradients.
Depending on the type (e.g., sodium, potassium, calcium)
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and number of specific ion channels, regional disparities
in the action potential profile can be seen within the heart.
The activity of these ion channels (and therefore the action
potential) can be affected by a number of factors including
electrolyte abnormalities, medications, profound brady-
cardia, and even mutations or variants in the channel
gene. In the proper milieu, arrhythmic triggers such as ven-
tricular extrasystoles and afterdepolarizations can develop,
resulting in the initiation of sustained, life-threatening
arrhythmias.

Long QT syndrome

The long QT syndrome (LQTS) is an inherited entity, origin-
ally described in 1957,5 that encompasses individuals with

a high propensity for sudden cardiac death in the setting of
an abnormally prolonged QT interval. All individuals are
described to have structurally normal hearts, although
early echocardiographic observations have been made
suggesting the presence of small ventricular wall motion
abnormalities.6 Initially, two clinical variants were recog-
nized, one of which is associated with congenital deaf-
ness and autosomal recessive inheritance (Jervell and
Lange–Nielsen syndrome) and the other is dominantly
inherited without hearing deficits (Romano–Ward syn-
drome).7,8 LQTS is genetically heterogeneous with muta-
tions described in six different genes. Andersen and
Timothy syndromes are multisystem inherited diseases
associated with deficient ventricular repolarization and QT
interval prolongation produced by mutations in KCNJ2 and
CANC2, respectively. KCNJ2 and CANC2 encode the inward
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Table 52.1. Abnormalities associated with sudden cardiac death

Coronary artery abnormalities

Atherosclerotic

Non-atherosclerotic (arteritis, embolism, dissection, congenital malformations, anomalous origin of left coronary artery from

pulmonary artery or right or non-coronary aortic sinus of Valsalva [artery passing between the aortic and pulmonary artery roots])

Myocardial abnormalities

Hypertrophic cardiomyopathy

Idiopathic dilated cardiomyopathy

Arrhythmogenic right ventricular dysplasia (congenital right ventricular cardiomyopathy)

Myocarditis

Sarcoidosis or other infiltrative diseases

Left ventricular hypertrophy

Valvular and congenital heart disease

Other conditions

Aortic dissection

Acute cardiac tamponade

Rapid exsanguination

Pheochromocytoma

Subarachnoid hemorrhage

Café coronary (acute glottis obstruction by food)

Holiday heart syndrome

Acute alcoholic states

Massive pulmonary embolism

Severe asthmatic attacks

Peripartum air or amnionic fluid embolism

Proarrhythmic effectsa

Antiarrhythmic drugs

Psychotropic agents, phenothiazines, antihistamines, antibiotics, gastrointestinal drugs

Anorexia nervosa

Toxic substances

Electrolyte abnormalities

a Often (but not always) associated with QT prolongation (acquired long QT). Classic proarrhythmia usually occurs within days after

initiation of treatment but may extend over one year of exposure.4



rectifier potassium channel (IK1) and dihydropyridine-
sensitive calcium channels (CaV1.2), respectively (Table
52.2). To date, approximately 300 mutations in 6 different
ion channels have been associated with this syndrome.9,10

The QT interval is a summative representation of
myocardial ventricular repolarization, a process that is
governed by the interplay of a number of different ion
channels. Hence, phenotypic characteristics of the T wave
morphology exist based on the specific channel mutated.
Although LQT1 patients tend to have considerable varia-
tion in their T wave morphologies, LQT2 T waves present
with the classic bifid pattern, while LQT3 T waves tend to
have late peaks (Fig. 52.3).11,12 Some variation exists in
these observations due in part to variable degrees of pene-
trance, variations in the genetic background even among
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Table 52.2. Different LQT syndromes and their respective
genetic abnormalities97

Disease Gene (alternative names) Protein

LQT-1 KVLQTI (KCNQ1) IKs K�channel � subunit

LQT-2 HERG (KCNH2) IKr K�channel � subunit

LQT-3 SCN5A INa K�channel � subunit

LQT-4 ANKB ANKRIN-�

LQT-5 minK (KCNE1) IKs K�channel � subunit

LQT-6 MiRP1 (KCNE2) IKr K�channel � subunit

LQT-7 KCNJ2 IKr K�channel � subunit



members of the same affected families, environmental
factors, or even the severity of the specific mutation.

Since the absolute QT interval measured on the ECG can
vary by changes in heart rate, many have employed the
Bazett’s correction formula to standardize the QT interval
(QTc). Classically, QTc intervals in excess of 440 ms and
460 ms are considered prolonged in males and females,
respectively. Although extremely prolonged QTc intervals
(�600 ms) predict a higher risk for sudden death, it is
unclear whether the degree of QTc interval prolongation
predicts an individual’s risk for episodes of ventricular
tachyarrhythmias. In normal individuals, QTc intervals
vary to some degree with age and gender. Women tend to
have slightly longer QTc intervals after puberty when
compared to age-matched men,13 an observation suggest-
ing a hormonal effect on ventricular repolarization. This
may explain in part the propensity of this syndrome to
affect more women than men, unlike most other diseases

of the cardiovascular system. One fascinating feature of
this syndrome is the marked variability in phenotypic
penetrance.14 The variability has been described in
members within the same family and even among those
carrying the same genetic mutation.15 This is thought to be
due in part to the interplay between genetics and environ-
mental factors, as well as the presence of multiple poly-
morphisms occurring in related genes.16

Diagnostics

Most individuals with LQTS have abnormally prolonged
QTc intervals at baseline, but approximately 6%–10% of
these patients do not.17,18 Because of this finding and
the variability in phenotypic penetrance, the diagnosis of
LQTS may need to be made based on the presence of major
and minor diagnostic criteria and a point-scoring system
(Fig. 52.4)19. There have also been reports of individuals
who have normal QTc intervals at baseline, but who have
an exaggerated prolongation of the QTc interval in the pres-
ence of certain pharmacologic agents or environmental
stressors (Table 52.3). The underlying mechanisms of this
form of long QT syndrome, also known as “acquired long QT
syndrome,” may be due in part to several genetic polymor-
phisms resulting in a reduction of what has been described
as “repolarization reserve.”20 On the basis of this concept,
individuals with acquired long QT syndrome have no evi-
dence of QT abnormalities at baseline, but in the presence
of a stressor (e.g., drugs, heart block, hypokalemia,
ischemia), they lack the physiologic mechanisms to accom-
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Table 52.3. Risk factors for torsades de pointes in
individuals with acquired long QT syndrome.99

Table 2. Risk Factors for Drug-Induced Torsade de Pointesa

Female sex

Hypokalemia

Bradycardia

Recent conversion from atrial fibrillation, especially with a

QT-prolonging drug

Congestive heart failure

Digitalis therapy

High drug concentrations (with the exception of quinidine)

Rapid rate of intravenous infusion with a QT-prolonging drug17

Base-line QT prolongation

Subclinical long-QT syndrome

Ion-channel polymorphisms

Severe hypomagnesemia

a Studies providing evidence of the effects are cited in the table.

Points

ECG findings *

A. QTo†

� 480 ms 3

460–470 ms 2

450 ms (in males) 1

B. Torsade de pointes‡ 2

C. T-Waves alternans 1

D. Notched T wave in three leads 1

E. Low heart rate for age§ 0.5

Clinical history

A. Syncope‡

With stress 2

Without stress 1

B. Congenital deafness 0.5

Family history ||

A. Family members with definite LQTS# 1

B. Unexplained sudden cardiac death below 0.5

age 30 among immediate family members

LQTS, long QT syndrome.

* In the absence of medications or disorders known to affect

these electrocardiographic features.

† QTo calculated by Bazett’s formula, where 

‡ Mutually exclusive

§ Resting heart rate below the second percentile for age.

|| The same family member cannot be counted in A and B.

# Definite LQTS is defined by an LQTS score � 4. Scoring: �1

point, low probability of LQTS; 2 to 3 points, intermediate

probability of LQTS; �4 points, high probability of LQTS.98

QTc � QT	 �RR.



modate for these insults. Acquired long QT syndrome is
not a milder form of congenital long QT syndrome, as
evidenced by the observation that the former group of indi-
viduals also have an increased risk for torsades de pointes.21

Identifying individuals at risk for acquired long QT syn-
drome can often be difficult and many have suggested a
number of clinical characteristics that should alert the clin-
ician to the possibility of this risk.22

Classically, patients with LQTS are young and present with
tachyarrhythmia-associated syncope in the setting of emo-
tional stress, physical exertion, sudden awakening, or
menses.23 Earlier reports have demonstrated ventricular
arrhythmias occurring during sleep primarily in individuals
with LQT3 with documented mutations in SCN5A.24 The risk
of ventricular arrhythmias also appears to depend on the ion
channel mutated. LQT1 and LQT2 patients have the highest
risk for ventricular arrhythmias compared to those with
LQT3. Although the frequency of events is lower for LQT3
patients, the events occurring in this group are more often
fatal. In the end, the cumulative mortality of these three vari-
ants is approximately the same.25

The surface ECG typically exhibits abnormalities of T
wave morphology (as described above) and a prolonged
QTc. It is not uncommon for individuals to describe a
history of repeated episodes of syncope. The syncopal
episodes are invariably due to torsades de pointes that typ-
ically terminate spontaneously but may degenerate into
ventricular fibrillation. Imaging modalities to assess
cardiac function do not help in the diagnosis, as most indi-
viduals display grossly normal ventricular systolic func-
tion. Diagnosis is based largely on a detailed personal and
family history and the ECG.

Risk stratification for sudden cardiac death

The QTc interval on a surface ECG in excess of 500 msec is
generally regarded as high risk for sudden cardiac death;
however, daily variations in the QTc interval occur even
within the same individual. Hence, relying solely on the
surface ECG is limited in its scope. Signal-averaged ECGs
have been utilized in a number of different conditions for
risk assessment of sudden death. Their role in LQTS is
limited and not described well enough to warrant routine
use.26 Graded exercise stress testing and other non-invasive
tests have been assessed for their ability to aid in risk strat-
ification.27,28 These early observations suggest that individ-
uals who display prolongation of the QTc at peak exercise
are at particularly high risk of arrhythmic events when
compared to their age-matched counterparts.29 The role of
invasive electrophysiologic testing has been limited by its
lack of robust sensitivity and specificity30 and is generally

not recommended in these individuals, despite isolated
reports of a higher incidence of resting bradycardia31 or
inducibility of ventricular tachyarrhythmias with ventric-
ular burst pacing32 in this patient population. Universal
recommendations for genetic testing in familial cases of
long QT syndrome remain equivocal, although a recent
article demonstrated that this may be both feasible and
cost-effective in certain individuals.33,34

Because of the limitations in objective measures for
sudden death, a patient’s symptoms play a significant role
in risk stratification. Individuals with a prior history of
syncope (often mistaken for seizure events) or sudden
death are naturally at higher risk of a future fatal event,
whereas those who are asymptomatic tend to be at lesser
risk. Nevertheless, exceptions exist in this observation,
especially in asymptomatic individuals with a strong
family history of sudden death. Priori et al. suggested a
method of risk stratification based on gender and genotype
analysis and suggest that individuals with LQT1 have a
lower risk of arrhythmic events when compared to those
with LQT2 and LQT3.35 Current efforts are underway to
make this method widely accessible to the general public.36

Preventative strategies

In all patients with LQTS, a careful review of both prescrip-
tion and non-prescription medications is paramount to
identifying agents that may increase the QT interval.
Identifying other reversible causes such as ischemia or
electrolyte abnormalities is also critical. LQTS patients
deemed at high risk for sudden death (e.g., markedly pro-
longed QTc intervals, history of sudden cardiac death, or
recurrent episodes of syncope) are typically managed with
�-adrenergic blockers and are recommended to undergo
implantation of an ICD. Pharmacotherapy alone does not
provide a degree of protection similar to that of an ICD, but
may be appropriate in individuals with low–moderate risk
for SCD. Since prolongation of the QTc interval in these
individuals can result from a number of different ion chan-
nelopathies, no single drug should be expected to reduce
risk in everyone with LQTS. Beta-blockers are thought to be
more effective in LQT1 patients, whereas sodium channel
blockers may be more effective in individuals with LQT2
and LQT3.37 Nevertheless, beta-blockers are recom-
mended in all individuals with LQTS when the genotype is
unknown, because a majority of arrhythmic events occur
in the setting of heightened adrenergic tone.38

Recommendations on physical exertion in patients with
LQTS have been addressed by an international panel of
experts appointed by the American Heart Association.39 In
this treatise, the type of exercise is graded on the basis of
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intensity and specific recommendations are made. The
reader is referred to this article for specific recommenda-
tions on patient management.

Acute management strategies

Tachyarrhythmic syndromes in patients with LQTS are
often due to torsades de pointes, polymorphic ventricular
tachycardia occurring in the setting of a prolonged QT
interval. The acute management of these episodes is heavily
based on the degree of hemodynamic instability associated
with these arrhythmias. Individuals with asymptomatic
episodes of unsustained ventricular tachycardia seen on a
cardiac monitor seldom require emergent intervention
beyond a careful review of reversible causes of QT prolon-
gation and observation. Individuals presenting acutely with
syncope or sudden cardiac death should be promptly
managed by the recently revised cardiopulmonary resusci-
tation treatment recommendations.40 Once sinus rhythm
has been restored, acute secondary preventative measures
should be considered. These include infusion of 2–4 g of
magnesium intravenously, regardless of the current serum
magnesium levels.41 Magnesium is primarily excreted by
the kidneys so individuals with renal insufficiency should
be treated cautiously, but this is rarely an absolute con-
traindication to use. If magnesium proves ineffective in pre-
venting subsequent episodes of sustained ventricular
tachyarrhythmias, lidocaine has been demonstrated to be
effective in some animal models by blocking sodium chan-
nels responsible for rapid depolarizing currents initiated by
early afterdepolarizations.42 Its efficacy in clinical practice
has been mixed. Individuals who continue to have episodes
of tachyarrhythmias and who fail these initial measures can
often be treated with temporary pacing.

In cases of acquired LQTS, temporary rapid atrial pacing
should be initiated. This can effectively suppress subse-
quent episodes of ventricular tachyarrhythmia by reducing
the time of myocardial repolarization based on the proper-
ties of electrical restitution. If transvenous pacing is
unavailable, isoproterenol can be used to increase the
heart rate since this agent has a greater chronotropic effect
per microgram than other adrenergic agents. Use of iso-
proterenol is contraindicated in individuals with uncon-
trolled hypertension, acute coronary syndromes, or a
documented history of congenital long QT syndrome.

Short QT syndrome

Recognized as a distinct clinical entity since its discovery
in 1999, the short QT syndrome (SQTS) encompasses

individuals with QTc intervals 
300 ms and clinically pre-
senting with syncope, palpitations, and an increased
propensity toward atrial fibrillation, sudden death, or
both.43 Although rare, the true prevalence of this condition
is unknown since the brevity of the QT interval is often only
recognized with heart rates below 80 bpm. Thus far, muta-
tions in two ion channel genes (HERG and KvLQTI) have
been linked to this clinical syndrome, both of which result
in a gain of function and increased repolarizing current,
presumably IKr and IKs , respectively, in the ventricle. On a
cellular level, these mutations are thought to contribute to
an increase in the heterogeneous dispersion of repolariza-
tion between the ventricular M cells and the epicardial
cells. Clinically, most individuals have easily inducible ven-
tricular tachycardia during electrophysiologic testing. To
date, only 22 confirmed cases of short QT syndrome have
been described.44 Hence, recommendations on manage-
ment are less well defined. Acute management of these
individuals presenting with cardiac arrest should be
guided by standard advanced cardiopulmonary life
support (ACLS) recommendations; longer term manage-
ment for those with the most severe presentations should
include ICD implantation. The role of drugs that prolong
the AP and QT interval in SQTS is not yet defined.

Brugada syndrome

The Brugada syndrome, also referred to as Sudden
Unexplained Nocturnal Death syndrome,45 was described
in 1992 after a series of otherwise healthy individuals with
structurally normal hearts presented with a high propen-
sity for sudden cardiac death.46 Classically, this entity is
marked by characteristic ECG abnormalities, including
the presence of a right bundle branch block pattern
and ST segment elevations along V1-V3 (Fig. 52.5). The
ECG abnormalities are not pathognomonic for this con-
dition and may be caused by other factors, such as well-
conditioned athletic hearts or a variety of drugs (Table
52.4). Although the syndrome has been diagnosed in indi-
viduals between 2 and 84 years of age, the mean age of
sudden death is 41�15 years and it appears to have an 8:1
predilection for males.47 Many of the ECG abnormalities
seen with this entity are dynamic and occasionally can be
accentuated by a febrile state, ischemia, hypotension, or
the administration of beta-blockers or sodium channel
blockers (e.g., procainamide, flecainide). Often, exercise
or adrenergic agents such as isoproterenol can make the
ST-segment abnormalities disappear.48 Hence, the true
prevalence of this condition is unknown, although it is
estimated to be 5 in 10000 individuals worldwide. It is
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generally recognized that individuals from Europe and
the United States49 are less commonly affected while
those from Japan50 and Southeast Asia have higher rates
of prevalence for this syndrome. Current estimates (based
in large part on epidemiological experiences in Asian
populations) report that the Brugada syndrome accounts
for 4% of all sudden cardiac deaths and 20% of all sudden
cardiac deaths occurring in individuals with structurally
normal hearts.51 In addition to the increased risk for
sudden death, 20% of individuals with the Brugada syn-
drome have recently been described to develop atrial fib-
rillation as well.52

Early work in understanding the molecular pathogene-
sis of this condition identified loss-of-function mutations
in the SCN5A gene,53 the alpha subunit of the voltage-gated
sodium channel originally cloned in 1992.54 This has also
been implicated in a number of other clinical syndromes
including progressive familial heart block syndrome55 and
chromosome 3-linked long QT syndrome.56 More than 80
different mutations57 in SCN5A have been associated with
this condition. Interestingly, only 18%–42% of subjects car-
rying a clinical diagnosis of Brugada syndrome harbor
these mutations;58 the remaining subjects are thought to

carry mutations in the non-coding portions (e.g., introns)
of the gene. How loss-of-function mutations in SCN5A
result in the classic ECG abnormalities has been a subject
of experimental investigation. It has long been recognized
that ventricular myocardium is composed of three func-
tionally distinct layers, the epicardium, the M cell layer,
and the endocardium. Normally during Phase I of myocar-
dial repolarization, a gradient exists between the epicardial
and endocardial cells that results from a difference in Ito

current. In the presence of a loss of function mutation such
as the Brugada syndrome, this difference is further accen-
tuated whereby an abnormally steep voltage gradient is
generated that causes exaggerated J point and ST-segment
elevations. The same steep voltage gradient predisposes
the myocardium to reentry during the plateau phase of
the action potential, thereby initiating rapid ventricular
tachycardia.

Diagnostics

The diagnosis of Brugada syndrome is suggested by the
presence of distinct repolarization abnormalities noted on
the surface ECG marked by the presence of an incomplete
right bundle branch block pattern of conduction with
coved ST-segment elevations (�2 mm) followed by inverted
T waves primarily in leads V1-V3 (Type I pattern). The diag-
nosis of Brugada is made with Type I ECG abnormalities in
addition to one or more clinical features suggestive of an
increased propensity toward sudden cardiac death (Table
52.5). Often these abnormalities may be intermittent and
are concealed except in the presence of a sodium channel-
blocking agent. The absence of these abnormalities by no
means excludes this diagnosis. Variations in ECG abnor-
malities have also been recognized. Type II ECG abnormal-
ities are characterized by the presence of an incomplete
right bundle branch block pattern of conduction with “sad-
dleback-like” ST segment elevations (�2 mm) in leads V1-
V3. Type III abnormalities are characterized as any Type I or
Type II abnormality with minimal ST segment elevation
(
2 mm). Type II and Type III abnormalities (in the pres-
ence of a clinical feature from Table 52.5) are not diagnostic
of Brugada syndrome unless there is conversion of either
pattern type to a Type I abnormality in the presence of a
sodium channel-blocking agent.

Risk stratification for sudden cardiac death

Not all individuals with Brugada syndrome share the same
risk for sudden cardiac death. Hence, developing a strat-
egy to identify those at highest risk permits an economi-
cally sound approach to provide aggressive treatment to
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those who need it the most. Much of the early work in
identifying sudden cardiac death markers relied on the
surface ECG. On the basis of studies of Japanese patients
with Brugada syndrome, individuals with a prior episode
of ventricular fibrillation arrest had ECGs with widened S
waves in V1 and more pronounced ST segment elevation

in V2 when compared to those without a prior history
of cardiac arrest.59 Other studies have found predictive
power in the presence of signal-averaged ECG late poten-
tials or an increase in the body surface area of right pre-
cordial ST segments.60 Despite these reports, no one
marker has been found to be particularly more predictive
for development of sudden cardiac death than others.
Extensive work has also been done regarding the role of
electrophysiologic testing in predicting future events.61–63

Currently, evidence is inconclusive with respect to the
role of programmed stimulation in determining whether
inducibility of ventricular tachyarrhythmias provides
useful prognostic information.

Recent data based on a large cohort of individuals with
Brugada syndrome suggest that the risk for sudden death
depends on the degree of symptomatology.64 Eckardt et
al. followed 212 patients with Type I ECG abnormalities
for an average of 3.3 years. Individuals with the highest
risk for sudden cardiac death were those who had a
history of syncope or a prior history of resuscitation
due to ventricular tachyarrhythmias. Asymptomatic
individuals had the lowest risk for sudden death. Indeed,
only 0.8% of the asymptomatic individuals developed an
arrhythmic event (Fig. 52.6). It was also suggested that
individuals with spontaneous Type I ECG pattern abnor-
malities were more likely to develop syncope or sustained
ventricular tachyarrhythmias when compared to those
whose ECG abnormalities were only noted in the pres-
ence of a sodium channel-blocking agent. Genetic testing
in Brugada syndrome remains an area of intense research
and is currently not recommended for screening of
asymptomatic individuals.65

Preventative strategies

The classic ECG findings in patients with Brugada syn-
drome stem from an imbalance of currents, specifically Ito

and ICa, during Phase I and Phase II of the action potential
(Fig. 52.2).66,67 Hence, factors affecting these currents can
alter the degree of ST-segment elevation seen. Vagal
maneuvers (via suppression of ICa and/or augmentation
of potassium currents) and administration of Class IC
sodium channel blockers (via its effects on Ito) enhance the
ST-segment abnormalities seen on the ECG, while beta-
adrenergic agonists, through their effects in augmenting
ICa, normalize them. These observations suggest that phar-
macologic agents that can augment ICa or inhibit Ito may be
pivotal in mitigating the arrhythmogenicity of this condi-
tion. Examples include quinidine and 4-aminopyridine,
both of which inhibit Ito. Commonly used agents, such as
tricyclic antidepressants, phenothiazine, selective sero-
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Table 52.4. Drug-induced Brugada-like ECG patterns

I. Antiarrhythmic drugs

1. Na� channel blockers

Class IC drugs (flecainide, pilsicainide, propafenone)

Class IA drugs (ajmaline, procainamide, disopyramide, 

cibenzoline)

2. Ca2� channel blockers

Verapamil

3. �-Blockers

Propranolol, etc.

II. Antianginal drugs

1. Ca2� channel blockers

Nifedipine, diltiazem

2. Nitrate

Isosorbide dinitrate, nitroglycerine

3. K� channel openers

Nicorandil

III. Psychotropic drugs

1. Tricyclic antidepressants

Amitriptyline, nortriptyline, desipramine, clomipramine

2. Tetracyclic antidepressants

Maprotiline

3. Phenothiazine

Perphenazine, cyamemazine

4. Selective serotonin reuptake inhibitors

Fluoxetine

IV. Other drugs

1. Dimenhydrinate

2. Cocaine intoxication

3. Alcohol intoxication

It is not clear whether individuals who exhibit ECG changes in the

setting of these medications have a subclinical form of Brugada

syndrome. Drugs listed here do not imply that other drugs of the

same class will result in the same ECG changes.100

Table 52.5. Brugada syndrome features

Documented ventricular fibrillation or polymorphic ventricular

tachycardia

Family history of sudden cardiac death in 
45 years old

Coved-type ECG abnormalities in family members

Inducibility of VT with ventricular programmed stimulation

Syncope

Nocturnal agonal respirations



tonin reuptake inhibitors, calcium channel blockers, �-
blockers, and histaminic H1 receptor antagonists can all
accentuate the ST-segment abnormalities seen in patients
with Brugada syndrome.68 It is not clear whether patients
with Brugada syndrome are more susceptible to ventricu-
lar tachyarrhythmias with the use of these medications,
but avoidance of these drugs seems generally prudent in
patients with suspected Brugada syndrome, except as
noted in the management of acute manifestations of the
syndrome.

Current practice guidelines recommend implantation
of an ICD in patients with Brugada syndrome with a
history of sudden cardiac arrest or syncope. The indica-
tions for implanting an ICD in asymptomatic patients
remain controversial. Although pharmacologic therapy is
less effective than ICDs in preventing SCD, a number of
case reports have described the efficacy of quinidine in
preventing ventricular fibrillation (VF).69 Other agents
have also been described, including cilostazol, sotalol,
and mexiletine.70 These agents,71 however, should only be
considered as an adjunct to an ICD.

Acute management strategies

Individuals who present with ventricular fibrillatory storm
should be treated with �-adrenergic agonists such as
isoproterenol and titrated to achieve a 20% increase in the
baseline heart rate. Atropine may also be considered,
although the effects are ephemeral. Both of these agents
act by augmenting ICa. The use of quinidine in ventricular
fibrillatory storm has also been described.70 Additional
acute management strategies for this condition should
follow current ACLS guidelines.

Catecholamine-induced polymorphic ventricular
tachycardia

Catecholamine-induced polymorphic ventricular tachycar-
dia (CPVT) is a rare autosomal disorder originally reported
in 1975 to describe children without a history of structural
heart disease who were at increased risk for syncope,
seizures, or sudden cardiac death.72 Often these individuals
present in the prepubescent period with arrhythmic
episodes of bidirectional or polymorphic ventricular tachy-
cardia occurring almost exclusively during physical activity
or extreme emotional states. Approximately 72% of these
episodes are self-limiting; however, up to 7% may degener-
ate to ventricular fibrillation.73 Baseline ECGs, echocardio-
grams, and histologic cardiac examination of affected
individuals are all normal.74 Estimated risks of sudden death

range between 30% and 50% in untreated individuals in
their second and third decades of life,75 with approximately
30% of cases having a family history of childhood syncope
or sudden death. In a series of 21 children with this condi-
tion, Leenhardt et al. described the natural history of this
condition over a 7-year follow-up period.76 Most children
experienced their first episode of syncope by age 7. In severe
cases, these arrhythmia-associated episodes would often be
misdiagnosed as manifestations of epilepsy since they were
usually associated with a period of hypertonia marked by
convulsions and loss of bladder or bowel control. A useful
distinction between epilepsy and CPVT is the observation
that arrhythmic episodes of CPVT almost always occur in
the setting of increased physical or emotional states.

Genetic analyses aimed at elucidating the mechanisms
behind this disorder have identified two inherited forms,
an autosomal dominant variant and a less common auto-
somal recessive type. Autosomal dominant CPVT is caused
by mutations in the type 2 ryanodine receptor (RyR2), a
major transmembrane protein responsible for intracellu-
lar calcium transport.77 Autosomal recessive CPVT is due to
mutations in calsequestrin.78 As such, the initiation of
many arrhythmic episodes is due to the development of
delayed afterdepolarizations.
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Diagnostics and risk stratification for sudden cardiac
death

Information obtained from baseline electrocardiograms
typically demonstrates sinus bradycardia without evi-
dence of intraventricular conduction delays or prolonga-
tion of the QTc interval. Priori et al. evaluated 118
individuals with CPVT and assessed current diagnostic
modalities in predicting their risk for sudden death.79

Electrophysiologic testing has little role in risk stratifica-
tion, with a majority of individuals displaying no inducible
arrhythmias during programmed stimulation. Exercise
stress testing and ambulatory cardiac monitoring during
periods of exercise have often helped in the diagnosis of
this condition. During exercise, individuals with this con-
dition elicit a normal increase in the sinus rate. When the
rate reaches approximately 120 beats per minute, frequent
premature ventricular complexes are seen. With continued
exercise, these degenerate into runs of polymorphic ven-
tricular tachycardia.80 Although these observations appear
readily reproducible with physical activity, the role of exer-
cise testing in risk stratification has not been validated. The
strongest risk factor for sudden death in this condition
appears to be gender, with an increased risk for arrhythmic
syncope in males. The presence or absence of symptoms
does not appear to predict future risk for sudden death.

Preventative strategies

If left untreated, an individual’s risk for sudden death
reaches 30%–50% by early adulthood. Hence, proper diag-
nosis and screening of family members with an affected
proband is essential. The use of long-acting beta-blockers
without sympathomimetic activity has previously been
shown to be highly effective in preventing future episodes of
syncope.73 Recent data from Priori et al.,79 however, demon-
strate that beta-blockers are only effective in approximately
50% of individuals. In subjects who underwent ICD implan-
tation, 50% of these patients experienced appropriate ICD
firings for ventricular tachyarrhythmias, despite the con-
comitant use of beta-blockers. The use of calcium channel
blockers has limited utility, but recent evidence supports
their use in individuals intolerant of beta-blocker therapy.81

Current recommendations include the use of beta-blockers
at the time of diagnosis. The indications for ICD implanta-
tion are less clearly defined, but as with any heritable
arrhythmia syndrome with a life-threatening presentation,
it is prudent in any individual with a history of syncope or
resuscitated sudden cardiac death.

Acute management strategies

Individuals presenting with ventricular tachycardia should
be treated by currently accepted ACLS guidelines. Since
many of these arrhythmias occur in the setting of increased
adrenergic tone, the use of intravenous propranolol has
been advocated.82

Wolff–Parkinson–White syndrome

Wolff, Parkinson, and White (WPW) are credited with
describing this syndrome based on their initial experiences
of 12 individuals with recurrent episodes of tachycardia and
a baseline ECG displaying bundle branch block-like pat-
terns of conduction and a short PR interval.83 Individuals
with these “pre-excited” ECG abnormalities (Fig. 52.7) are
diagnosed with the WPW syndrome in the presence of
paroxysms of tachycardia. Often the tachycardia is regular
with a narrow QRS complex (orthodromic reciprocating
tachycardia), but it may occasionally present with irregular
wide QRS complexes as a result of pre-excited atrial
arrhythmias (e.g., atrial fibrillation, atrial tachycardia) or
antidromic reciprocating tachycardia. The mechanism for
the pre-excitation is a result of a congenital accessory
pathway supporting atrioventricular conduction that can
manifest in a number of different variations (Fig. 52.8).
Normally, the atrioventricular (AV) node serves as the sole
means of electrical conduction from the atrium to the ven-
tricles. In patients with WPW, an additional pathway exists
composed of working myocardial tissue that allows for acti-
vation of the ventricles without the need for the AV node.
Unlike the AV node, which has the ability to limit the rate
at which impulses are conducted from the atrium to the
ventricle, the accessory pathway can often sustain very
rapid electrical conduction. Therefore, individuals are at
increased risk for sudden death in the setting of pre-excited
atrial arrhythmias, such as atrial fibrillation that can rapidly
degenerate into ventricular fibrillation.84 The degree of pre-
excitation (i.e., prominence of the delta wave) on a baseline
ECG is dependent on the conduction velocity of the AV
node and the location of the accessory pathway. Hence, the
presence and orientation of the delta wave can provide
clues to the location of the pathway (Fig. 52.9).

Clinically, the incidence of WPW syndrome is 1.5 per
1000 persons, with a small predilection toward males.85

Although most individuals with WPW syndrome have
structurally normal hearts, an association with Ebstein’s
anomaly has been described.86 Interestingly, patients with
Ebstein’s anomaly often have multiple accessory path-
ways. Despite the presence of an accessory pathway,
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episodes of tachyarrhythmias do not occur in all affected
individuals. Current estimates of the frequency of parox-
ysms of tachycardia range between 10% and 36% of
patients with a WPW ECG depending on the individual’s
age.87 A vast majority (80%) of these tachycardias are atrio-
ventricular reciprocating tachycardias, while the remain-
ing 20% include atrial arrhythmias such as atrial
tachycardia, atrial flutter, or atrial fibrillation. The risk of
sudden death is small and is estimated to be 0.02%–0.1%.88

The natural history of patients with WPW syndrome
suggests that the frequency of tachyarrhythmias and the
risk of sudden death decreases with age, based on age-
related changes in the accessory pathway’s conduction
velocities.89 Patients with WPW ECG features but who
are otherwise asymptomatic do very well with a low
arrhythmic event rate of approximately 1.7 per 100
patient-years.90

Diagnostics and risk stratification for sudden cardiac
death

The diagnosis of WPW can often be made by the presence
of a delta wave on a baseline ECG especially if the pathway
is located on the right side of the heart. The absence of a
delta wave, however, does not exclude the presence of an
accessory pathway, but in these individuals there is no
increased risk of sudden death. Individuals with WPW syn-
drome are often referred for additional testing, including
exercise stress testing and/or electrophysiologic testing
with ablation. Although the predictive value of ST-T wave
changes during exercise testing is poor,91 the conduction

properties of the accessory pathway can be elucidated in
an effort to risk-stratify patients for the development of
sudden death. In the presence of pre-excitation at baseline,
sudden loss of the delta wave during peak exercise suggests
that conduction via the accessory pathway has been
blocked and that the patient’s risk for sudden death is low.92

Electrophysiologic testing remains an integral part of the
assessment and management of patients with WPW syn-
drome and should be considered in the absence of known
contraindications. Individuals with WPW ECG who are
otherwise asymptomatic, however, may not benefit from
electrophysiologic testing in light of their low risk for
sudden death or tachyarrhythmias. Controversy remains
on the optimal management of individuals with asympto-
matic WPW ECG patterns.93,94

Acute management strategies

Individuals with WPW can present to the emergency
department with a variety of tachyarrhythmias. Manage-
ment of individuals presenting with narrow complex tachy-
cardias should be focused on use of pharmacologic agents
that impair AV node conduction, such as adenosine, beta-
blockers, or calcium-channel blockers. Individuals pre-
senting with irregular wide complex tachycardias, however,
do not rely on the AV node for antegrade conduction.
Hence, targeting the AV node will have little effect on the
arrhythmia. Antiarrhythmic agents such as procainamide
remain the first choice in the acute management of these
arrhythmias. Other agents such as disopyramide,
dofetilide, and amiodarone have also been described with
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Fig. 52.7 WPW ECG with delta wave and the three classic features (1) short PR
120 ms, (2) QRS �120 ms, (3) ST–T wave changes

directed in an opposite direction of the delta and QRS vectors.87



932 A. Cheng et al.

Atrioventricular

Atrium

AV node

His

Ventricle

Atrium

AV node

AV node

LBB

RBB

His

Ventricle

Atriohisian

FasciculoventricularNodoventricular

Accessory 
pathway

Sinus
rhythme

c d

ba

Maximum
preexcitation

Reciprocating
tachycardia

Fig. 52.8 Various types of accessory pathways.87

Negative delta wave
and QRS

Negative delta
wave and QRS

II,III,F

Negative delta
wave and QRS

II,III,F

Isoelectric or
negative delta

I,L,V5,V6

Positive delta wave
and QRS

PosteroseptalPosteroseptal Anteroseptal LateralRight free wall

Left
axis

Inferior
axis

VI

Right Ventricle Left Ventricle

Fig. 52.9 Algorithm to determine location of accessory pathway based on the surface ECG.87



moderate degrees of efficacy.95 Individuals with any degree
of hemodynamic compromise should be considered for
urgent electrical cardioversion to restore sinus rhythm as
described in the ACLS guidelines.

Summary

Sudden cardiac death is typically associated with individu-
als having structural heart disease. Nevertheless, a number
of individuals without structural heart disease but with an
increased risk for sudden death have been identified in
recent years. Through a series of experimental investiga-
tions in both animal models and humans, we have gained
a greater understanding of the pathophysiologic mecha-
nisms underlying each of these conditions and conse-
quently realize that pharmacologic therapy is limited in its
efficacy. Hence, the ICD remains the standard of care in the
primary prevention of SCD for those at increased risk.
What is less clear now is determining who is at increased
risk. Current efforts aimed at better defining this cohort are
now under way and will significantly improve our ability to
deliver better care.
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Appropriate pediatric CPR differs from that in adults,
because children are anatomically and physiologically dif-
ferent from adults. In addition, the pathogenesis of the
cardiac arrests and the most common rhythm disturbances
are different in children. In contrast to adults, children
rarely suffer sudden ventricular fibrillation (VF) cardiac
arrest from coronary artery disease. The causes of pediatric
arrests are more diverse and are usually secondary to pro-
found hypoxia or asphyxia due to respiratory failure or cir-
culatory shock. Prolonged hypoxia and acidosis impair
cardiac function and ultimately lead to cardiac arrest. By
the time the arrest occurs, all organs of the body have gen-
erally suffered significant hypoxic-ischemic insults.

Importantly, children of various ages exhibit develop-
mental changes that affect cardiac and respiratory physi-
ology before, during, and after cardiac arrest. For example,
newborns undergoing transitional physiological changes
during emergence from an environment of amniotic fluid
to a gaseous environment certainly differ from adolescents.
Similarly, newborns and infants have much less cardiac and
respiratory reserve, and higher pulmonary vascular resis-
tance than do older children. Moreover, many children who
experience in-hospital cardiac arrest have pre-existing
developmental challenges and other organ dysfunction.
Finally, pediatrics is developmental medicine, and pedi-
atric neurological tools that are appropriate at one age may
not be accurate or valid at another age.

Perhaps the most profound difference between child
and adult cardiac arrest is the devastating effect of the
death of a child on a family. Coping with a sudden unex-
pected death is always difficult. When the victim is a child,
the loss tends to be even more oppressive. We do not
expect children to die before their parents and thus are not

prepared for it. Therefore, families and friends are typi-
cally overwhelmed. Even “hardened” healthcare providers
often become very emotional, and occasionally dysfunc-
tional, when faced with a dying child.

Epidemiology

Our knowledge of the epidemiology and appropriate treat-
ment of pediatric cardiac arrest has been limited, in part,
because investigators have categorized diverse diseases
and pathophysiologies into general categories. Pediatric
studies tend to include all pediatric cardiac arrests, such as
those secondary to sudden respiratory failure (e.g., drown-
ing, foreign body aspiration), progressive respiratory failure
from infections and/or neuromuscular diseases, trauma,
Sudden Infant Death Syndrome (SIDS), septic shock, hypo-
volemic shock, anaphylaxis, primary cardiomyopathy,
primary arrhythmia (e.g., VF or VT), drug intoxications,
and others. Some pediatric studies have not clearly differ-
entiated respiratory arrests from cardiac arrests, or CPR
episodes from pulseless cardiac arrests, and many have
included both pre-hospital and in-hospital cardiac arrests
in their data. Moreover, many of the cardiac arrest victims
in these studies had been dead for a prolonged period of
time (e.g., those with Sudden Infant Death Syndrome) and,
therefore, data such as initial cardiac rhythm of asystole
and lack of response to therapy are not helpful in terms of
understanding the etiology, pathophysiology, or appropri-
ate therapy. The quality of CPR is generally poor, and this is
not generally taken into account in most of these studies.
Finally, most pediatric arrest studies have inadequate and
non-uniform data collection.
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Characterization of the process of care and out-
comes following pediatric cardiac arrest events has been
limited by this lack of consistent data collection and analysis.
In particular, pediatric reports often have not clearly differ-
entiated between respiratory arrest, near-arrests (bradycar-
dia with pulses) treated with CPR, and pulseless cardiac
arrest. In the early 1990s, international experts developed
guidelines for uniform data reporting of out-of-hospital
cardiac arrests and in-hospital resuscitation, the so-called
Utstein style. Nevertheless, epidemiological information
about pediatric cardiac arrests is dominated by retrospective
chart reviews with small numbers and inconsistent defini-
tions of cardiac arrest and cardiopulmonary resuscitation,
and a few small prospective single-center studies.

Pediatric in-hospital arrests

The true incidence of pediatric pulseless arrest is difficult
to estimate because of inconsistent terminology in the

literature and difficulty in assessing pulselessness in chil-
dren. Cardiac arrests were reported in 3% of children
admitted to one children’s hospital, in 1.8% of all children
admitted to pediatric intensive care units in the USA, in
6% of children admitted to one PICU in Finland, and in
4% of children admitted to a pediatric cardiac intensive
care unit.

Several well-designed in-hospital pediatric CPR investi-
gations with long-term follow-up have established that
pediatric CPR and advanced life support can be remark-
ably effective (Table 53.1). Typically, one-half to two thirds
of these patients were initially successfully resuscitated
(i.e., attained sustained ROSC). Survival progressively
decreased with time, in large part due to the underlying
disease processes. Indeed, most of these arrests/events
occurred in pediatric intensive care units because of pro-
gressive life-threatening illnesses that had not responded
to treatment despite critical care monitoring and support-
ive care. The 1-year survival rates of 10%–44% are superior
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Table 53.1. Summary of representative studies of outcome following in-hospital pediatric cardiac arrest

Survival to Good neurological

Author, year Settinga # of patients ROSC discharge survival

Nadkarni 2005 NRCPRb In-hospital CA 880 459 (52%) 236 (27%) 154 (18%)

Reis 2002 In-hospital CA 129 83 (64%) 21 (16%) 19 (15%)

Extracorporeal Life In-hospital CA 232 N/A All 88 (38%) not reported

Support Organization, resuscitation by needed ECMO

2002 ECMO

Suominen 2000 In-hospital CA 118 74 (63%) 1-year survival not reported

21 (18%)

Parra 2000 Ped CICU CA 32 24 (63%) 14 (44%) 8 (25%)

Chamnanvanakij 2000 In-hospital 39 33 (85%) CPR 20 (51%) CPR 5 (13%)

intubated NICU CA 10% (6 lost to 

pts with chest follow-up)

compressions for 

bradycardia

Slonim 1997 In-hospital PICU CA 205 not reported 28 (14%) not reported

Torres 1997 In-hospital CA 92 not reported 1-year survival 7 (8%)

9 (10%)

Zaritsky A 1987 In-hospital CA CA 53 not reported CA 5 (9%) not reported

Young 1999 Meta-analysis 544 not reported 129 (24%) not reported

In-hospital CA

Lopez-Herce 2005 Mixed in-hospital 213 110 (52%) 45 (21%) 34 (16%)

and OOH CA

Tunstall-Pedoe 1992 Mixed in-hospital 3765 1411 (38%) 706 (19%) not reported

and OOH CA

a CA�cardiac arrest.
b NRCPR�National Registry of CPR.



to outcomes from out-of-hospital pediatric CPR, and sub-
stantially superior to the certain 0% survival rate if CPR and
advanced life support were not provided.

Only a few studies have used the more rigorous Utstein-
style reporting for exclusively in-hospital pediatric cardiac
arrests and CPR. Two describe all CPR events at children’s
hospitals in Brazil and Finland. The most common causes
of the events were progressive respiratory failure and pro-
gressive shock: approximately two thirds of the children
attained sustained ROSC, and 1-year survival was 15% and
18%, respectively.

A recently published Utstein-style report of in-hospital
pediatric cardiac arrests is derived from the American
Heart Association’s multi-center National Registry of
Cardiopulmonary Resuscitation (NRCPR). The NRCPR
is a prospective, multicenter observational registry of in-
hospital cardiac arrests and resuscitations. The first
description of children (
18 years old) from this registry
included 880 patients whose arrests occurred between
January 1, 2000 and March 30, 2004 in 10 pediatric facilities
and 136 mixed pediatric–adult facilities. Because of
the size and scope of the NRPCR, and the rigorous data
collection, these data are further highlighted in Tables 53.2
and 53.3.

In the NRCPR, a cardiac arrest was defined as cessation
of cardiac mechanical activity, determined by the absence
of a palpable central pulse, unresponsiveness, and apnea.
Events were excluded if the cardiac arrest began out-of-
hospital, involved a newborn in a delivery room or neona-
tal intensive care unit, or was limited to a shock by an
implanted cardioverter-defibrillator. Most of these arrests
occurred in children with progressive respiratory insuffi-
ciency and/or progressive circulatory shock. These chil-
dren were often succumbing to their critical illnesses
despite aggressive critical care monitoring and therapy.
Therefore, 95% of these arrests were witnessed and/or
monitored, and only 14% occurred on a general pediatric
ward. Before the arrest, 57% of these children were
mechanically ventilated, 38% had continuous vasoactive
infusions, and 29% had continuous direct arterial blood
pressure monitoring.

Despite the dire clinical circumstances leading to their
arrests, 52% attained sustained ROSC, 36% survived for 24
hours, and 27% survived to hospital discharge. Outcomes
for these children were substantially superior to outcomes
for adults in this registry (27% survival to discharge versus
18%, respectively; adjusted odds ratio, 2.3 [95%CI, 2.0–2.7]).
Importantly, 65% of these children had relatively good
neurological outcome, defined as: (1) Pediatric Cerebral
Performance Category of 1, 2 or 3; or (2) no change from
baseline Pediatric Cerebral Performance Category.

Interestingly, 200 children who received chest compres-
sions for any reason during this time period were excluded
from the NRPCR cardiac arrest analysis because they ini-
tially had bradycardia with pulses and did not lose their
pulse during the event. Similar to the two previous Utstein-
style pediatric in-hospital studies, only 82% of children
who received chest compressions fit the definition of
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Table 53.2. Characteristics of pediatric in-hospital cardiac
arrests

Pediatric cardiac

Characteristic arrest (N�880)

Age, y

Mean (SD) 5.6 (6.4)

Median (range) 1.8 (0-17.0)

Sex

Male 473 (54)

Female 407 (46)

Race/ethnicity

White 447 (51)

Black 226 (26)

Hispanic 105 (12)

Other/unknown 102 (12)

Patient type

In-patient 750 (85)

Emergency department 121 (14)

Other (outpatient, visitor, or employee) 9 (1)

Illness category

Medical, cardiac 158 (18)

Medical, non-cardiac 402 (46)

Surgical, cardiac 150 (17)

Surgical, non-cardiac 62 (7)

Trauma 91 (10)

Other 17 (2)

Pre-existing conditions

Respiratory insufficiency 511 (58)

Hypotension/hypoperfusion 319 (36)

Congestive heart failure 273 (31)

Pneumonia/septicemia/other infection 259 (29)

Arrhythmia 182 (21)

Renal insufficiency 104 (12)

Diabetes mellitus 11 (1)

Metabolic/electrolyte abnormality 178 (20)

Baseline depression in CNS function 151 (17)

Metastatic or hematologic malignancy 43 (5)

Myocardial infarction 21 (2)

None 69 (8)

Hepatic insufficiency 55 (6)

Acute CNS non-stroke event 94 (11)

Acute stroke 5 (1) 

Major trauma 97 (11) 

Toxicological problem 12 (1)



pulseless cardiac arrest. Of note, and as expected, children
who received chest compressions for bradycardia with
pulses had a much higher survival to hospital discharge
rate (60%) than did those with pulseless cardiac arrest
(27%, P
0.001).

Are outcomes from in-hospital cardiac arrest improv-
ing? The rate of survival to discharge following pulseless
cardiac arrest in the NRCPR database, 27%, is substan-
tially higher compared with the two previous studies that
used Utstein-style reporting, 15% and 18%, even though

the rate of sustained ROSC was not higher (52% versus
63% and 64%). The better postresuscitation outcomes are
especially impressive because these two previous single-
center studies reported on all children who received CPR,
including many for bradycardia with palpable pulses. It is
not clear whether the superior longer term survival after
initially successful resuscitation in the present study is
due to differences in patient population characteristics,
resuscitation performance, reporting bias, or improve-
ments in patient care during the postresuscitation phase
(e.g., superior hemodynamic support). The authors
believe that better postresuscitation care is probably a
major contributor to the apparent improvements in
outcome.

Pediatric out-of-hospital arrests

Outcomes following pediatric out-of-hospital arrests
appear to be much worse than those from in-hospital
arrests (Table 53.4). In particular, the neurological out-
comes appear to be much worse among children surviving
out-of-hospital arrests. Two diseases have especially poor
outcomes: traumatic arrests and SIDS. Traumatic cardiac
arrests are typically due to exsanguination resulting in pro-
found circulatory shock; not surprisingly, chest compres-
sions with an empty heart are not likely to provide
adequate coronary and cerebral perfusion. SIDS patients
have typically been dead for quite a long time before resus-
citation is attempted. In most series of out-of-hospital
pediatric cardiac arrests, 1/3–1/2 of the children have the
diagnosis of SIDS. For other pediatric cardiac arrests in the
pre-hospital setting, CPR and advanced life support from
EMS providers may be too little, too late (see below). As
might be expected, these poor outcomes after pediatric
out-of-hospital cardiac arrests are similar to the poor
outcomes after adult non-VF out-of-hospital cardiac
arrests.

Is CPR in the pre-hospital setting effective for
children?

As noted above, the outcomes from pediatric pre-hospital
cardiac arrests are frequently dismal. In contrast, outcomes
from in-hospital pediatric asphyxial cardiac arrests are
much better. For example, in the seminal report from
Kouwenhoven and colleagues of successful resuscitation
with closed chest cardiac massage, the initial patients were
asphyxiated children in the operating room who received
immediate effective resuscitation and attained excellent
outcomes. Furthermore, our clinical experience suggests
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Table 53.3. Event characteristics of pediatric in-hospital
cardiac arrests*

Pediatric cardiac 

Characteristic arrest (N�880)

Event location

Intensive care unit 570 (65)

Emergency department 116 (13)

General inpatient 123 (14)

Diagnostic area 21 (2)

Outpatient, other, or unknown 20 (2)

Operating department or postanesthetic 30 (3)

care

First-documented pulseless rhythm

Asystole 350 (40)

VF and pulseless VT 120 (14)

VF 71 (8)

Pulseless VT 49 (6)

PEA 213 (24)

Unknown by documentation 197 (22)

Discovery status at time of event

Witnessed and/or monitored 834 (95)

Witnessed and monitored 727 (83)

Witnessed and not monitored 73 (8)

Monitored and not witnessed 34 (4)

Not monitored and not witnessed 46 (5)

Immediate cause(s) of event

Arrhythmia 392 (49)

Acute respiratory insufficiency 455 (57)

Hypotension 483 (61)

Acute myocardial infarction or ischemia 12 (2)

Metabolic/electrolyte disturbance 95 (12)

Acute pulmonary edema 33 (4)

Acute pulmonary embolism 6 (1)

Airway obstruction 41 (5)

Toxicological problem 9 (1)

Abbreviations: PEA, pulseless electrical activity; VF, ventricular

fibrillation; VT, ventricular tachycardia.

* Data are expressed as No. (%). Because of rounding, percentages

may not all total 100.



that excellent outcomes can occur after various types of
bystander CPR, including mouth-to-mouth rescue breath-
ing alone (MTM), chest compressions alone (CC), or stan-
dard chest compressions and mouth-to-mouth rescue
breathing (CC�MTM). Nevertheless, some reports ques-
tion the effectiveness and advisability of pre-hospital pedi-
atric CPR.

In order to characterize these issues further, pre-hospital
pediatric asphyxial arrests were simulated in animal
models. In the first study, asphyxia was induced by clamp-
ing the tracheal tubes of piglets until cardiac arrest
occurred, defined by loss of aortic pulsation. The mean
time until loss of aortic pulsations was 8.9�0.4 minutes.
After loss of aortic pulsations, animals were randomized to
simulated bystander CPR (MTM, CC, or MTM�CC) or no
CPR until simulated EMS arrival 8 minutes later. A similar
study was performed with intervention at a slightly earlier
point in the asphyxial process, when the pulse was “no
longer palpable,” as defined by systolic pressure

50 mmHg. The mean tracheal tube clamp time to induce
this severe hypotension was 6.8�0.3 minutes, clearly a
severe asphyxial insult. Not surprisingly, after a complete
cardiac arrest, 24-hour survival was clearly superior in the
CC�MTM group compared to the other groups (Fig. 53.1).
When intervention was provided earlier in the process (i.e.,
after severe hypotension but before complete loss of aortic
pulsation), even though cardiac arrest would have been the
clinical diagnosis, 24-hour survival was best with
MTM�CC, but was better with MTM or CC than no
“bystander CPR” (Fig. 53.2) Interestingly, most of the
animals with 24-hour survival had return of spontaneous

circulation (ROSC) before the simulated EMS arrival. CPR
was not futile in these models of pre-hospital pediatric
cardiac arrest; excellent CPR was remarkably effective
when provided early enough.

In a large prospective study in Houston over 31⁄2 years,
Sirbaugh and colleagues found that the outcomes from
pediatric pre-hospital cardiac arrests were dismal. Only 6
of the 300 children (2%) survived to hospital discharge, and
only 1 of the 300 survived without significant neurologi-
cal deficits. As in most such studies, the diagnosis of
cardiac arrest was determined by EMS providers when they
arrived at the scene. Of note, children in cardiac arrest who
attained ROSC after bystander CPR before EMS arrival
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Table 53.4. Summary of representative studies of outcome following out-of-hospital pediatric cardiac arrest

Survival to Good neurological 

Author, year Setting # of patients ROSC discharge survival

Young 1999 Meta-analysis 1568 not reported 132 (8%) not reported

OOH CA

Sirbaugh 1999 OOH CA 300 33 (11%) 6 (2%) 1 (
1%)

Suominen 1998 OOH CA 41 10 (24%) 3 (7%) 2 (5%)

After trauma

Suominen 1997 OOH CA 50 13 (26%) 8 (16%) 6 (12%)

Schindler 1996 OOH CA 80 43 (54%) 6 (8%) 0 (0%) 

Kuisma 1995 OOH CA 34 10 (29%) 5 (15%) 4 (12%)

Dieckmann 1995 OOH CA 65 3 (5%) 2 (3%) 1 (1.5%)

Lopez-Herce 2005 Mixed in-hospital 213 110 (52%) 45 (21%) 34 (16%)

& OOH CA

Tunstall-Pedoe 1992 Mixed in-hospital 3765 1411 (38%) 706 (19%) not reported

& OOH CA

CA�cardiac arrest; OOH�out of hospital.

Asphyxial Cardiac Arrest – Outcome
(Loss of aortic pulsations) 

*p � 0.05 vs. each other group

0/81/71/147/10*24-hr
Neuro Nl

0/80/72/146/10*ROSC
(< 5 min)

No CPRVCCCC+V

Fig. 53.1. Asphyxial Cardiac Arrest – Outcome (Loss of aortic

pulsations)



were excluded from analysis (Fig. 53.3(a)). Importantly,
41 children who had received bystander CPR were not in
cardiac arrest at the time of EMS arrival; all 41 presumably
had drowning-related cardiac arrests, and all survived with
good neurological outcomes (Fig. 53.3(b)). Most were quite
ill when they arrived at a hospital emergency department.
In contrast, none of the other 24 children with drowning-
related cardiac arrests who were still in cardiac arrest when
the EMS personnel arrived survived with a good neurolog-
ical outcome.

These data and similar data from Hickey et al. are con-
sistent with the animal data, reported clinical experience,
and in-hospital pediatric CPR data: that is, CPR can be
quite effective for asphyxial cardiac arrests, but timing of
interventions is critically important.

Recent prospective evaluation of a decade-long,
population-based study of pediatric drowning-related
events in Houston found 421 children with drowning
events in a population of �2 million total and �400000
children (annual incidence of 10.0 per 100000 children),
and 234 required resuscitation. Of these resuscitated chil-
dren, 193 (82%) received bystander CPR and 72% of these
children were long-term survivors. Moreover, 99% of the
long-term survivors were neurologically intact. If the child
was still apneic and pulseless when EMS personnel
arrived, however, less than 5% were revived, and none of
these subsequent survivors were ultimately neurologically
intact. These data are further evidence that pre-hospital
CPR can be quite effective for drowning-associated acute
asphyxial cardiac arrests, if provided promptly.

In summary, animal and human data both indicate that
CPR for children can be quite effective. In addition, these
data support the notion that BLS early is more important
than ALS late. Contrary to popular opinion, prompt action

by a citizen bystander in the pre-hospital setting or a
provider in the in-hospital setting is generally more effec-
tive than late heroic efforts in our intensive care units.

Pediatric ventricular fibrillation

Ventricular fibrillation (VF) is an uncommon, but not rare,
electrocardiographic rhythm during out-of-hospital pedi-
atric cardiac arrests. Two studies reported VF as the initial
rhythm in 19%–24% of out-of-hospital pediatric cardiac
arrests after SIDS deaths were excluded. In studies that
include SIDS victims, however, the frequency drops to the
range of 6%–10%. The exclusion of SIDS patients can be jus-
tified by the rationale that most SIDS patients have been
“long dead” by the time emergency medical personnel
arrive; therefore, the ECG rhythms when the children were
potentially salvageable are not known. Of note, ECG
rhythms are often not attained as promptly in children as in
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“Pulseless” Arrest – Outcome
(Syst BP <50 mmHg) 

*p � 0.05 vs. no CPR
�p � 0.01 vs. CC and V combined

0/106/10*4/108/10*24-hr
Survival

0/106/10*4/1010/10*�ROSC
(<2 min)

No CPRVCCCC+V

Fig. 53.2. “Pulseless” Arrest – Outcome (Syst BP
50 mmHg)

Collapse

EMS CPR = 300
6 survived
5/6 Neuro Bad

ROSC = 41
All survived
Neuro OK

Bystander CPR

Sirbaugh AEM1999
Prospective study

Collapse

EMS CPR

ROSC
excluded

Visible in Studies

Bystander CPR

Fig. 53.3. (a), (b)

(a)

(b)



adults and VF converts into asystole over time. Therefore,
the frequency of VF may have been higher among the chil-
dren in these studies, but some of the VF may have been
undocumented.

The incidence of VF varies by setting and age. In special
circumstances, such as tricyclic antidepressant overdose,
cardiomyopathy, postcardiac surgery, and prolonged QT
syndromes, VF is a more likely rhythm during cardiac
arrest. Another special circumstance is commotio cordis,
or mechanically initiated VF due to relatively low-energy
chest wall impact during a narrow window of repolariza-
tion (10–30 ms before the T wave peak in swine models).
These tragic events predominantly occur in children, 4 to
16 years old.

VF during an out-of-hospital cardiac arrest is uncom-
mon in infants, but occurs more frequently in children and
adolescents. The variance of VF by age was highlighted in a
study documenting VF/VT in only 3% of children in cardiac
arrest 0–8 years old versus 17% of children 8–19 years old.

Although VF is often associated with underlying heart
disease and generally considered the “immediate cause” of
cardiac arrest, VF can also occur secondary to asphyxia. In
two studies of VF among asphyxiated piglets, the incidence
of VF was 28% and 33% at some time during the cardiac
arrest. This phenomenon, asphyxia-associated VF, is
also well documented among pediatric near-drowning
patients. Furthermore, as noted below, VF occurs com-
monly during in-hospital cardiac arrests, often during
resuscitation.

In-hospital pediatric cardiac arrests are uncommon, but
not rare. Cardiac arrests occur in �2% of PICU patients.
Although the rhythms during most in-hospital cardiac
arrests (both in children and adults) are asystole and pulse-
less electrical activity (PEA), in a considerable number of
arrests the rhythms are VF or pulseless VT. Among the first
1,005 pediatric in-hospital cardiac arrests in the American
Heart Association’s National Registry of CPR, 10% had an
initial rhythm of VF/VT, an additional 15% had subsequent
VF/VT (i.e., some time later during the resuscitation
efforts), and another 2% had VF/VT but the timing of the
arrhythmia was not clear. Therefore, 27% of children with
in-hospital cardiac arrests had VF/VT.

In this NRCPR cohort of pediatric in-hospital arrests,
survival to discharge was much more common among
children with an arrhythmogenic arrest (i.e., initial VF/VT)
than among children with VF/VT occurring later during the
resuscitation (i.e., subsequent VF/VT ): 35% with initial
VF/VT vs. 11% subsequent VF/VT (adjusted odds ratio 2.9
[95% CI, 1.2–5.8]). This novel observation is not surprising
because children with subsequent VF/VT had hypoxic-
ischemic processes before the arrest (i.e., the arrests were

generally precipitated by progressive respiratory failure or
shock). In addition, the children with subsequent VF/VT
had further hypoxic-ischemic insults during resuscitation
for asystole or PEA before VF/VT occurred. This is sup-
ported by the observation that only 14% of the subsequent
VF/VT group had CPR for 
15 minutes compared with
44% of the initial VF/VT group.

Surprisingly, the subsequent VF/VT group had worse
outcomes than did children with asystole/PEA who never
developed VF/VT during the resuscitation: 11% with sub-
sequent VF/VT during resuscitation from asystole/PEA vs.
27% with asystole/PEA alone. Why was the outcome so
poor in the subsequent VF/VT group? Rescuers may have
been led astray by the initial non-shockable rhythm, so
that recognition of VF/VT and defibrillation were delayed.
If so, consideration of subsequent VF/VT could have led
to earlier recognition, earlier defibrillation, and better
outcomes. Another possibility is that subsequent VF/VT
was a marker of more severe myocardial pathology. For
example, patients with non-shockable rhythms who were
most likely to respond promptly to CPR may have attained
ROSC before they could develop subsequent VF/VT.
Alternatively, resuscitators may have induced VF/VT in
some patients by their interventions during the more pro-
longed CPR for the subsequent VF/VT group (e.g., greater
amounts of epinephrine administration).

Traditionally, VF and VT have been considered “good”
cardiac arrest rhythms, resulting in better outcomes than
asystole and PEA. These NRCPR pediatric VF/VT data
suggest a new paradigm: outcomes after initial VF/VT are
“good,” but outcomes after subsequent VF/VT are substan-
tially worse than after asystole/PEA without subsequent
VF/VT.

Finally, these NRCPR data emphasize the importance of
early and repeated electrocardiographic monitoring
during resuscitation, because the shockable rhythms of
VF/VT occurred in �25% of these children. Even in the
setting of progressive respiratory failure and shock with an
initial ECG of asystole or PEA, a substantial number of
these children developed subsequent shockable VF/VT
during CPR.

Treatment of choice: defibrillation

Defibrillation, termination of VF, is necessary for success-
ful resuscitation from VF cardiac arrest. When prompt
defibrillation is provided soon after the onset of VF in a
cardiac catheterization laboratory, the rates of successful
defibrillation and survival approach 100%. When auto-
mated external defibrillators are used within 3 minutes of
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witnessed VF in casinos, long-term survival occurs in
�75%. In general, the mortality increases by 7%–10% per
minute of delay to defibrillation. Provision of CPR can
improve outcome (i.e., shift the mortality curve).

Because pediatric cardiac arrests are commonly due to
progressive asphyxia and/or shock, the treatment of
choice is prompt CPR. Therefore, rhythm recognition is rel-
atively less emphasized compared with adult cardiac
arrests. Nevertheless, successful resuscitation from VF
requires defibrillation. First, we must consider VF, and then
diagnose it before we can treat it successfully.

Determinants of defibrillation (termination of VF)

Defibrillation is achieved by attaining current flow ade-
quate to depolarize a critical mass of myocardium. Current
flow (amperes) is primarily determined by the shock
energy (joules), which is selected by the operator, and the
patient’s transthoracic impedance (ohms).

Animal studies in the 1970s established that adequate
electrical current flow through the myocardium led to suc-
cessful defibrillation, and too much current flow resulted
in postresuscitation myocardial damage (including histo-
pathological evidence of myocardial necrosis). In addition,
various extraneous sources of impedance were determined,
including paddle size, thoracic gas volume, electrode/
paddle contact, and conducting paste. Small paddle size
increases resistance, and thereby decreases current through
the myocardium. On the other hand, paddles/pads larger
than the heart result in current flow through extramyocar-
dial pathways, and thereby less current through the heart
(consequently less flow for effective defibrillation). These
studies established that current density, i.e., current flow
through the myocardium, determines both effectiveness of
the shock and myocardial damage.

Further studies established that both poor electrode
paddle contact and increased thoracic gas resulted in
greater impedance, whereas both conducting paste and
increased pressure with the paddle against the skin
decreased impedance. Moreover, transthoracic impedance
decreased with subsequent shocks, partly due to increased
skin blood flow after electrical shocks.

Pediatric defibrillation doses

In the mid-1970s authoritative sources recommended
initial defibrillation doses as high as 200 joules for all
children. Despite clinical experience indicating that such
doses were effective, providing an adult dose to infants
seemed potentially dangerous. Because of animal data
demonstrating histopathological myocardial damage

with dosages �10 J/kg and further animal data suggesting
that 0.5–10 J/kg were generally adequate for defibrillation
in a variety of species, some experts recommended a pedi-
atric dose of 2 J/kg.

Gutgesell and colleagues retrospectively evaluated the
efficacy of the 2 J/kg pediatric defibrillation strategy.
Seventy-one transthoracic defibrillation attempts on 27
children were evaluated. These children were 3 days to
15 years old, and weighed from 2.1 to 50 kg. Fifty-seven of
71 shocks were within 10 joules of the 2 J/kg pediatric dose.
Ninety-one percent (52/57) of these shocks effectively
terminated VF. The authors did not report any other
outcome measures (e.g., successful resuscitation to a per-
fusing rhythm, 24-hour survival, survival to discharge).
Subsequent clinical usage suggests that the 2 J/kg dose
is effective for short duration in-hospital defibrillation,
although this conclusion has not been rigorously evaluated.

As noted above, current density determines the effective-
ness and harm of the shock. Moreover, differences in paddle
size, defibrillation energy dose, and the individual’s
transthoracic impedance are the main determinants of
current density. Therefore, Atkins and colleagues investi-
gated the effects of paddle size, age, and weight on trans-
thoracic impedance in children (Fig. 53.4). As expected,
transthoracic impedance increased substantially with pedi-
atric paddles. On the basis of those data, the AHA recom-
mends that “pediatric” paddles only be used in infants.

More important, they established that the relationship
between transthoracic impedance and weight is not linear.
The mean transthoracic impedance in their children was
�50 � with 83 cm2 adult paddles, and varied three-fold
among children. With “pediatric” pads (44 cm2), the mean
impedance was �70� in 3.8–36 kg children. The imped-
ances of their infants were slightly lower than those of their
older children, but the range of each was wide and the
overlap substantial. Interestingly, the mean transthoracic
impedance in adults is typically �60–80 � and it also varies
by more than three-fold, yet we shock all adults with the
same doses. These data suggest that the pediatric dosage
should not vary in a linear manner based on weight.
Nevertheless, the pediatric 2 J/kg dose has apparently
withstood the test of time over the last 30 years.

Pediatric defibrillation doses for prolonged VF

As noted above, �16 000 American children suffer a cardiac
arrest each year, �10%–20% with VF as the initial rhythm.
There are minimal published data on pediatric defibrilla-
tion doses for prolonged VF. Therefore, the approach to
pediatric prolonged VF is extrapolated from adult recom-
mendations. For adults, the same defibrillation dose is rec-
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ommended after brief duration or prolonged duration VF,
even though the monophasic 200-J dose is often ineffective
at terminating prolonged VF (�60% termination of pro-
longed VF compared with �90% for short duration VF).
Adult defibrillation differs from pediatric defibrillation in
many ways. First, the adult defibrillation dose is much
higher in absolute joules or joules/kg. For example, a 70-kg
man would receive 200 J (�3 J/kg), whereas a 70-kg 11-
year-old boy may be treated with a pediatric dose of 140 J.
Secondly, adult defibrillation from prolonged VF is now
typically performed with biphasic defibrillators, and the
150 J or 200 J biphasic AED dosage is nearly 90% successful
at terminating prolonged VF (much better than the �60%
effectiveness with 200 J monophasic defibrillation).

Is the currently recommended pediatric VF dose of 2 J/kg
by monophasic waveform safe and effective for prolonged
VF? A recently published animal study of defibrillation
after 7 minutes of untreated VF in 4 to 24 kg piglets suggests
that 2 J/kg may be an inadequate dose. Twenty-four piglets
were shocked with 2 J/kg, followed by 4 J/kg. The pediatric
dose of 2 J/kg monophasic shocks was uniformly unsuc-
cessful at terminating fibrillation in all 24 piglets. This
should not be overinterpreted; there could be interspecies
differences in defibrillation thresholds.

A small clinical study of pediatric defibrillation attempts,
however, also suggests that the 2 J/kg defibrillation dose is
often inadequate. Eleven children received 14 pediatric
dose shocks of brief duration for VF in the Tucson EMS over
a 5-year period, by using the criteria described by Gutgesell
in his pediatric in-hospital defibrillation study (2 J/kg�

10 J). Only 7/14 shocks (50%) terminated out-of-hospital
(prolonged) VF vs. 52/57 shocks (91%) in their 27 in-
hospital patients (P
0.01). Although this small series does
not determine what dose we should use, it raises doubts
about the efficacy of 2 J/kg monophasic shocks for pro-
longed VF.

Because standard weight-based dosing strategy for pedi-
atric defibrillation is not easily implemented in automated
external defibrillators (AEDs), manufacturers developed
an alternative pediatric AED dose of 50–86 J biphasic
shocks by attenuating the adult defibrillation dose with
pediatric pads/cable systems, thereby delivering 50–86 J
rather than 150–360 J. This dose is safe and effective in
piglets after either brief or prolonged VF. In addition, the
50 J/75 J/86 J shocks were more effective than the 2 J/kg
dose at initial termination of fibrillation after prolonged VF.
In another piglet study modelling prolonged out-of-
hospital pediatric VF (7 minutes of untreated VF), adult
biphasic shocks of 200 J/300 J/360 J were compared with a
“pediatric” biphasic AED dose of 50 J/75 J/86 J. Pediatric
dosing resulted in fewer elevations of cardiac troponin T
levels, less postresuscitation myocardial dysfunction (i.e.,
smaller decreases in left ventricular ejection fraction 1–4
hours postresuscitation), and superior 24-hour survival
with good neurological outcome. These data suggest that
adult defibrillation dosing may be harmful to pediatric
patients with prolonged VF and support the use of attenu-
ating electrodes with adult automated external defibrilla-
tors for pediatric defibrillation. Although human data
are certainly needed, these animal data support the
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AHA/ILCOR pediatric AED guidelines: “Ideally, the device
should deliver a pediatric dose.”

It is important to remember that the pediatric defibrilla-
tion LD100 is O joules. The patient uniformly dies if defibril-
lation is not attempted. Therefore, adult defibrillation
doses are preferable to no defibrillation. A single case
report in the literature demonstrated that an adult AED
dose saved the life of a 3-year-old boy in VF. That child was
defibrillated with a biphasic shock of 150 J (9 J/kg) and sur-
vived without any apparent adverse effects. In particular,
neither serum creatine kinase nor cardiac troponin was
elevated, and postresuscitation ventricular function was
normal on echocardiogram.

Pediatric AEDs

VF is prolonged in nearly all children with out-of-hospital
VF by the time EMS personnel and defibrillators arrive.
Until recently, AEDs were not recommended for children

8 years old. Therefore, young children in VF had to wait
for a trained operator with a manual defibrillator. Too
often, this delay precluded survival. Current international
guidelines recommend AED usage for children 1–8 years
old. Two issues had to be considered before such recom-
mendations: (1) the safety and efficacy of the AED diag-
nostic rhythm analysis program in children; and (2) the
safety and efficacy of the AED shock dosage.

An important concern was that babies and small chil-
dren with sinus tachycardia or supraventricular tachycar-
dia can have very high heart rates that might be
misinterpreted as “shockable” by AEDs with diagnostic
programs developed for adult arrhythmias. Fortunately,
published studies of rhythm analysis programs from two
leading manufacturers (Philips and Medtronics) have
established that they are quite sensitive and specific in
detecting the shockable rhythm of VF. Both algorithms
were less sensitive at detecting the very uncommon shock-
able rhythm of VT, but were quite specific (i.e., the algo-
rithm did not misinterpret other rhythms as VT, and
therefore did not recommend shocking a “non-shockable”
rhythm). On the basis of these two rhythm analysis
program studies and the defibrillation dose information
noted above, the AHA/ILCOR PALS Task Force recom-
mended that “AEDs may be used for children 1 to 8 years of
age with no signs of circulation. Ideally the device should
demonstrate high specificity for pediatric shockable
rhythms, i.e., the device will not recommend a shock for
non-shockable rhythms.” Because of the relative rarity of
out-of-hospital VF in infants and the limited rhythm analy-
sis program information in infants with VF, the Task Force
concluded that “Currently the evidence is insufficient to

support a recommendation for or against the use of AEDs
in children �1 year of age.”

Finally, pediatric AEDs with shock doses are now avail-
able. Technological developments have enabled these
AEDs to deliver a pediatric dose by attenuating the adult
biphasic defibrillation dose with pediatric pads/cable
system, thereby delivering 1/4 to 1/3 (50–86 J) of the stan-
dard adult energy. As noted above, animal studies and
extrapolations from adult defibrillation studies suggest that
this pediatric biphasic AED dosage is at least as safe and
effective as the 2 J/kg monophasic dose. Although there are
theoretical concerns and animal data suggesting that adult
AED doses may be less safe than pediatric AED doses, an
adult AED dose can terminate VF and save a child’s life.

The four phases of cardiac arrest and CPR

There are at least four phases of cardiac arrest: (1) pre-
arrest, (2) no-flow (untreated cardiac arrest), (3) low-flow
(CPR), and (4) postresuscitation. Interventions to improve
outcome from pediatric cardiac arrest should optimize
therapies targeted to the phase of resuscitation as suggested
in Table 53.5. The pre-arrest phase provides the opportunity
to have the largest impact on patient survival by preventing
cardiopulmonary arrest. Interventions during the pre-
arrest phase focus on prevention. Infant safety seats and
safe driving to prevent traumatic arrests, water safety pro-
grams to prevent drowning arrests, medication safety caps
to prevent drug poisoning arrests are well known highly
effective efforts to prevent cardiac arrests. Because many
pediatric cardiac arrests are due to progressive respiratory
failure and shock, the main focus of the Pediatric Advanced
Life Support (PALS) is the early recognition and treatment of
respiratory failure and shock in children (i.e., prevention of
cardiac arrest in the pre-arrest phase). This issue has been
popularized as the main focus of medical emergency
response teams or rapid response teams.

Interventions during the no-flow phase of untreated
cardiac arrest focus on early recognition of cardiac arrest
and rapid initiation of basic and advanced life support.
When there is insufficient oxygen delivery to the brain or
heart, CPR should be started. The goal of effective CPR is to
optimize coronary perfusion pressure and blood flow to
critical organs during the low-flow phase. Basic life
support with continuous effective chest compressions (i.e.,
push hard, push fast, allow full chest recoil, minimize inter-
ruptions, and do not overventilate) is the emphasis in this
phase.

The postresuscitation phase is a high-risk period for
continuing brain injury, ventricular arrhythmias, and
other reperfusion injuries. Injured cells can hibernate, die,
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or partially or fully recover function. Interventions such as
systemic hypothermia during the immediate postresusci-
tation phase strive to minimize reperfusion injury and
support cellular recovery. Overventilation is frequent
and can have adverse effects during and after CPR. The
postarrest phase may have the most potential for innova-
tive advances in the understanding of cell injury and
death, inflammation, apoptosis, and hibernation, ulti-
mately leading to novel interventions. Thoughtful atten-
tion to management of temperature, glucose, blood
pressures, coagulation, and optimal ventilation may be
particularly important in this phase. The rehabilitation
stage of postresuscitation concentrates on salvage of
injured cells, recruitment of hibernating cells, and re-
engineering of reflex and voluntary communications of
these cell and organ systems to improve functional
outcome.

The specific phase of resuscitation should dictate the
timing, intensity, duration, and focus of interventions.
Emerging data suggest that interventions that can improve
short-term outcome during one phase may be deleterious
during another. For instance, intense vasoconstriction
during the low flow phase of cardiac arrest may improve
coronary perfusion pressure and probability of ROSC.2 The
same intense vasoconstriction during the postresuscita-
tion phase may increase left ventricular afterload and

worsen myocardial strain and dysfunction. Current under-
standing of the physiology of cardiac arrest and recovery
only enables the crude titration of blood pressure, global
oxygen delivery and consumption, body temperature,
inflammation, coagulation, and other physiologic para-
meters to attempt to optimize outcome. Future strategies
will likely take advantage of emerging discoveries and
knowledge of cellular inflammation, thrombosis, reperfu-
sion, mediator cascades, cellular markers of injury and
recovery, and transplantation technology.

Definition of pulseless cardiac arrest

Pulseless cardiac arrest is typically defined as the docu-
mented cessation of cardiac mechanical activity, deter-
mined by the absence of a palpable central pulse,
unresponsiveness, and apnea. As simple as this definition
appears, separation of severe hypoxic–ischemic shock
from the non-pulsatile state of cardiac arrest can be chal-
lenging at any age. This separation can be especially diffi-
cult in babies because of their anatomic and physiologic
differences.

A rescuer’s ability to determine cardiac arrest by a pulse
check is neither sensitive nor specific in adults. Not sur-
prisingly, the pulse check is even more problematic in chil-
dren. In adults, pulses can typically be palpated until the
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Table 53.5. Phases of cardiac arrest and resuscitation

Phase Interventions

Pre-arrest phase (protect) • Optimize community education regarding child safety

• Optimize patient monitoring and rapid emergency response

• Recognize and treat respiratory failure and/or shock to prevent cardiac arrest

Arrest (no-flow) phase (preserve) • Minimize interval to BLS and ACLS (organized response)

• Minimize interval to defibrillation, when indicated

Low-flow (CPR) phase (resuscitate) • Push Hard, Push Fast

• Allow full chest recoil

• Minimize interruptions in compressions

• Avoid overventilation

• Titrate CPR to optimize myocardial blood flow (coronary  perfusion pressures and

exhaled CO2)

• Consider adjuncts to improve vital organ perfusion during CPR

• Consider ECMO if standard CPR/ALS not promptly successful

Postresuscitation phase: short-term • Optimize cardiac output and cerebral perfusion

• Treat arrhythmias, if indicated

• Avoid hyperglycemia, hyperthermia, hyperventilation

• Consider mild postresuscitation systemic hypothermia

• Debrief to improve future responses to emergencies

Postresuscitation phase: longer-term • Early intervention with occupational and physical therapy

rehabilitation (regenerate) • Bioengineering and technology interface

• Possible future role for stem cell transplantation



systolic pressure is 
50 mmHg. Because the systolic blood
pressure in neonates is generally in the 60s, a decrease in
blood pressure to “non-palpable pulse” may occur earlier
in the continuum from hypoxic–ischemic shock to non-
pulsatile cardiac standstill. Furthermore, the best arterial
pulse to palpate in an adult is the carotid pulse; however,
the short, chunky neck of a baby limits the effectiveness of
carotid pulse palpation in babies. Moreover, attempts to
palpate the carotid pulse can compress the airway and
impede respiration. Therefore, the recommended sites for
palpation of pulses in an infant are the brachial, axillary
and/or femoral pulses.

Interventions during the low flow phase: CPR

Airway and breathing

As noted above, one of the most common precipitating
events for cardiac arrests in children is respiratory insuffi-
ciency. Therefore, providing adequate ventilation and
oxygenation must remain a high priority. Effective ventila-
tion does not necessarily require a tracheal tube. In one
randomized, controlled study of children with out-of-
hospital respiratory arrest, those who were treated with
bag-mask ventilation did as well as children treated with
pre-hospital endotracheal intubation. Effective bag-mask
ventilation skills remain the cornerstone of providing
effective emergency ventilation. Emergency airway tech-
niques such as transtracheal jet ventilation and
emergency cricothyroidotomy are rarely, if ever, required
during CPR.

Provision of adequate oxygen delivery to meet meta-
bolic demand and removal of carbon dioxide is the goal of
initial assisted ventilation. During CPR, cardiac output
and pulmonary blood flow are about 10%–25% of that
during normal sinus rhythm. Consequently, much less
ventilation is necessary for adequate gas exchange from
the blood traversing the pulmonary circulation during
CPR. Animal and adult data indicate that rapid rate
assisted ventilation (overexuberant rescue breathing)
during CPR is common and can substantially compro-
mise venous return and cardiac output. Of most concern,
these adverse hemodynamic effects during CPR plus
interruptions in chest compressions typically necessary
for airway management and rescue breathing can be a
lethal combination.

Although Airway and Breathing hold places of honor in
the ABC algorithm, that priority has been challenged in
certain circumstances. In animal models of sudden VF

cardiac arrest, acceptable PaO2 and PaCO2 persist for 4 to 8
minutes during chest compressions without rescue
breathing. Moreover, many animal studies indicate that
outcomes from sudden VF cardiac arrests are at least as
good with chest compressions alone as with chest com-
pressions plus rescue breathing. In addition, several retro-
spective studies of adults also suggest that outcomes are
similar after bystander-initiated CPR with either chest
compressions alone or chest compressions plus rescue
breathing. A randomized, controlled study of dispatcher-
assisted bystander CPR in adults found a trend toward
improved survival in the patients who received chest com-
pressions alone compared to those who received dis-
patcher-instructed ventilation and chest compressions. In
contrast, animal studies of asphyxia-precipitated cardiac
arrests have established that rescue breathing is a critical
component of successful CPR.

Since oxygenation and ventilation are clearly important
for survival from any cardiac arrest, why is rescue breath-
ing not initially necessary for VF, yet quite important in
asphyxia? Immediately after an acute fibrillatory cardiac
arrest, aortic oxygen and carbon dioxide concentrations
do not vary from the pre-arrest state because there is no
blood flow and aortic oxygen consumption is minimal.
Therefore, when chest compressions are initiated, the
blood flowing from the aorta to the coronary and cerebral
circulations provides adequate oxygenation at an accept-
able pH. At that time, myocardial oxygen delivery is
limited more by blood flow than oxygen content.
Adequate oxygenation and ventilation can continue
without rescue breathing because the lungs serve as a rel-
atively high oxygen/low carbon dioxide reservoir during
the low-flow state of CPR. In addition, ventilation can
occur due to chest compression-induced gas exchange
and spontaneous gasping during CPR in victims of
sudden cardiac arrest. Therefore, arterial oxygenation
and pH can be adequate with chest compressions alone
for VF arrests.

Forgoing ventilation in the pediatric patient is not
prudent, because respiratory arrest and asphyxia generally
precede pediatric cardiac arrest. During asphyxia, blood
continues to flow to tissues; therefore, arterial and venous
oxygen saturations decrease while carbon dioxide and
lactate continue to increase for many minutes before pro-
gression to cardiac arrest. Furthermore, continued pul-
monary blood flow before the cardiac arrest depletes the
pulmonary oxygen reservoir. Therefore, in contrast to VF,
asphyxia results in significant arterial hypoxemia and
acidemia prior to resuscitation. In this circumstance,
rescue breathing can be life-saving.
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Circulation

Basic life support with continuous effective chest com-
pressions is generally the best way to provide circulation
during cardiac arrest. As noted in previous chapters of this
book, basic life support is often provided poorly or not pro-
vided at all. The most critical elements are to Push Hard
and Push Fast. Because there is no flow without chest com-
pressions, it is important to minimize interruptions in
chest compressions. To allow good venous return in the
decompression phase of external cardiac massage, it is
important to allow full chest recoil, and to avoid overventi-
lation. The latter can prevent venous return because of
increased intrathoracic pressure.

The use of closed-chest cardiac massage to provide ade-
quate circulation during cardiac arrest was initially demon-
strated in small dogs with compliant chest walls. Based on
reasonable extrapolation, these investigators thought that
closed chest cardiac massage would be effective with chil-
dren, but might not be effective with adults. Therefore, the
first patients successfully treated with closed-chest cardiac
massage were children. The presumed mechanism of blood
flow was direct compression of the heart between the
sternum and the spine in these children with compliant
chest walls. Later investigations indicated that blood can
also be circulated during CPR by the thoracic pump mech-
anism. That is, increases in intrathoracic pressure induced
by chest compression can generate a gradient for blood to
flow from the pulmonary vasculature, through the heart,
and into the peripheral circulation. Regardless of mecha-
nism, cardiac output during CPR seems to be greater in
children (and immature animals) with compliant chest
walls than in adults with less compliant chest walls.

Circumferential vs. focal sternal compressions
In adults and animal models of cardiac arrest, circumfer-
ential (Vest) CPR improves CPR hemodynamics dramati-
cally. In smaller infants, it is often possible to encircle the
chest with both hands and depress the sternum with the
thumbs, while compressing the thorax circumferentially.
In an infant model of CPR, this “two-thumb” method of
compression resulted in higher systolic and diastolic blood
pressures and a higher pulse pressure than did traditional
two-finger compression of the sternum.

Duty cycle
Duty cycle is the ratio of time of compression phase to the
entire compression-relaxation cycle. In a model of human
adult cardiac arrest, cardiac output and coronary blood
flow are optimized when chest compressions last for 30%

of the total cycle time. As the duration of CPR increases, the
optimal duty cycle may increase to 50%. In a juvenile swine
model, a relaxation period of 250–300 ms (a duty cycle of
40%–50% if 120 compressions are delivered per minute)
correlates with improved cerebral perfusion pressure
when compared to shorter duty cycles of 30%.

Open chest CPR
Excellent standard closed chest CPR generates a cerebral
blood flow that is approximately 50% of normal. By con-
trast, open chest CPR can generate a cerebral blood flow
that approaches normal. While open chest massage
improves coronary perfusion pressure and increases the
chance of successful defibrillation in animals and humans,
performing a thoracotomy to allow open chest CPR is
impractical in many situations. A retrospective review of 27
cases of CPR following pediatric blunt trauma (15 with
open chest CPR and 12 with closed chest CPR) demon-
strated that open chest CPR increased hospital cost without
altering rates of ROSC or survival to discharge4[10a]. No
patient in either group survived, however, indicating that
the population may have been too severely injured or were
treated too late in the process to benefit from this aggressive
therapy. Open chest CPR is often provided to children after
open heart cardiac surgery status-post sternotomy. Earlier
institution of open chest CPR may warrant reconsideration
in selected special resuscitation circumstances.

Ratio of compressions to ventilation
Ideal compression–ventilation ratios for pediatric patients
are unknown. Current compression–ventilation ratios and
tidal volumes recommended during CPR are based upon
rational conjecture, tradition, and educational retention
theory. Recent physiologic estimates suggest that the
amount of ventilation needed during CPR is much less than
the amount needed during a normal perfusing rhythm,
because the cardiac output during CPR is only 10%–25% of
that during normal sinus rhythm. The benefits of positive
pressure ventilation (increased arterial content of oxygen
and carbon dioxide elimination) must be balanced against
the adverse consequence of decreased circulation.

Maximizing systemic oxygen delivery during single
rescuer CPR requires a trade-off between time spent doing
chest compressions and time spent doing mouth-to-mouth
ventilations. Theoretically, neither compression-only nor
ventilation-only CPR can sustain systemic oxygen delivery.
Some intermediate value of the compression to ventilation
ratio is probably optimal. The best intermediate value
depends upon many factors including the compression rate,
the tidal volume, the blood flow generated by compressions,
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and the time that compressions are interrupted to perform
ventilations. A chest compression to ventilation ratio of 15:2
delivered the same minute ventilation as CPR with a chest
compression to ventilation ratio of 5:1 in a mannequin
model of pediatric CPR, but the number of chest compres-
sions delivered was 48% higher with the 15:2 ratio.

In adults, mathematical models of oxygen delivery
during CPR performed with variable ratios of healthcare
provider chest compressions to ventilations suggest that
the optimal compression to ventilation ratio is approxi-
mately 30:2 in adults. When the model is adjusted to simu-
late lay rescuer ability to provide chest compressions
and ventilations, the optimal compression to ventilation
ratio ranges from 50 to 100:2. Mathematical models of
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compression–ventilation ratios suggest that matching
of the amount of ventilation to the amount of reduced
pulmonary blood flow during closed chest cardiac
compressions should favor high compression to ventila-
tion ratios. Babbs and Kern suggest that the best way to
determine optimal compression to ventilation ratios by
using simulation is to choose ratios that maximize oxygen
delivery to peripheral tissues. Maximizing oxygen delivery
to peripheral tissues during single rescuer CPR requires a
trade-off between the time required to compress the chest
and time required to provide rescue breathing. If one
ignores the relatively small amount of ventilation provided
by chest compressions alone, neither compression-only
nor ventilation-only CPR can sustain oxygen delivery to
the periphery for prolonged periods of CPR. The best ratio
depends upon many factors including the compression
rate, the tidal volume, the blood flow generated by com-
pressions, and the time that compressions are interrupted
to perform ventilations. These factors can be related in a
simple mathematical formula based upon classical physi-
ology. These variables necessarily change as a function of
the size of the patient. Such considerations may help to
refine the amount of ventilation recommended for both
adults and children. The ratio of chest compressions to
ventilations during “no-flow” and “low-flow” phases of
cardiopulmonary-cerebral resuscitation remains an area
of high interest, controversy, and future research. These
formulas adjusted to the known physiologic variables in
children have suggested the potential to simplify the com-
pression: ventilation ratio to 15 chest compressions and 2
ventilations in all children.

Intraosseous vascular access

In infants and children requiring emergent access for
resuscitation from cardiac arrest, intraosseous vascular
access should be established if reliable venous access
cannot be achieved rapidly. Because of the difficulty in
establishing vascular access in pediatric cardiac arrest
victims, it may be preferable to attempt intraosseous (IO)
access immediately. A practical approach is to pursue IO
and peripheral or central venous access simultaneously.

Intraosseous vascular access provides access to a
non-collapsible marrow venous plexus, which serves as a
rapid, safe, and reliable route for administration of drugs,
crystalloids, colloids, and blood during resuscitation.
Intraosseous vascular access often can be achieved in 30 to
60 seconds. Although a specially designed intraosseous or
Jamshidi-type bone marrow stylet needle is preferred to
prevent obstruction of the needle with cortical bone, but-
terfly needles and standard hypodermic needles have

been used successfully. The intraosseous needle is typi-
cally inserted into the anterior tibial bone marrow; alter-
native sites include the distal femur, medial malleolus or
the anterior superior iliac spine, and the distal tibia. In
adults and older children, the medial malleolus, distal
radius, and distal ulna are other options.

This intraosseous vascular access technique can be used
in all age groups, from pre-term neonates through adult-
hood. The needle should be twisted into, rather than
shoved through, the bone marrow. Evidence for successful
entry into the bone marrow includes: (1) the sudden
decrease in resistance after the needle passes through the
bony cortex, (2) the needle remains upright without
support, (3) aspiration of the bone marrow into a syringe
(this is not consistently achieved), and (4) the fluid infuses
freely without evidence of subcutaneous infiltration.

Resuscitation drugs, fluids, and blood products can be
safely administered by the intraosseous route, as well as
continuous catecholamine infusions. Onset of action and
drug levels following intraosseous infusion during CPR
are comparable to those achieved following vascular
administration, including central venous administration.
Intraosseous vascular access may also be used to obtain
blood specimens for chemistry, blood gas analysis, and
type and crossmatch, although administration of sodium
bicarbonate through the intraosseous cannula eliminates
the close correlation with mixed venous blood gases.

Complications have been reported in less than 1% of
patients following intraosseous infusion. Such complica-
tions include tibial fracture, lower extremity compartment
syndrome, severe extravasation of drugs, and osteomyelitis.
Most of these complications may be avoided by careful tech-
nique. Although microscopic pulmonary fat and bone
marrow emboli have been demonstrated in animal models,
they have never been reported clinically and appear to occur
just as frequently during cardiac arrest without intraosseous
drug administration. Animal dataand one human follow-up
study indicate that local effects of intraosseous infusion on
the bone marrow and bone growth are minimal.

Endotracheal drug administration

Before the intraosseous route became commonly used for
vascular access during CPR, endotracheal intubation was
often easier to attain than vascular access during pediatric
CPR. Important lipid-soluble drugs could be administered
via the endotracheal tube before vascular access was
achieved. In particular, lidocaine, atropine, naloxone, and
epinephrine were commonly administered via the endo-
tracheal route. Sodium bicarbonate and calcium are not
lipid-soluble, however, and may be very irritating to the
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airways and lung parenchyma, so they were not recom-
mended for endotracheal administration.

Absorption of drugs into the circulation after endotra-
cheal administration depends on dispersion over the res-
piratory mucosa, pulmonary blood flow, and matching of
the ventilation (drug dispersal) to perfusion. The small
volumes of drug that remain as droplets in the tracheal
tube are obviously not effective. Inadequate chest com-
pressions resulting in poor pulmonary blood flow will also
limit absorption of the drug and prevent its delivery to the
heart and systemic circulation. Pre-existing pathophysio-
logic conditions such as pulmonary edema, pneumonitis,
and airway disease also affect the pharmacokinetics of
endotracheally administered drugs. Another confounding
factor is that the vasoconstrictive effects of epinephrine
may limit local pulmonary blood flow, thereby diminishing
drug uptake and delivery. It is therefore not surprising that
drug absorption varies greatly and that optimal drug doses
have not been determined (and probably never can be).

Case reports and our personal experiences suggest that
endotracheal epinephrine can be effective and life-saving.
Animal studies, however, reveal a wide variability in
plasma epinephrine levels and physiological effects after
endotracheal administration. On average, 10 times as
much endotracheal epinephrine is needed to attain peak
plasma levels comparable to intravenous administration.
Moreover, a prolonged depot effect typically occurs after
endotracheal administration of epinephrine, which can
lead to postresuscitation hypertension, tachycardia, and
ventricular arrhythmias.

Quinton and associates randomly treated five asystolic
adults with 1 mg of endotracheal epinephrine versus seven
patients with 1 mg of intravenous epinephrine. Arterial
epinephrine levels only increased in the group treated
intravenously. They concluded that health care providers
should not rely on the endotracheal route.

Endotracheal epinephrine has been considered more
important for infants and children than for adults because
of vascular access issues. Nevertheless, intraosseous drug
administration is more reliable than endotracheal admin-
istration because of the inherent problems with the phar-
macokinetics of endotracheally administered drugs.

Medication use during cardiac arrest
Although animal studies indicate that epinephrine can
improve initial resuscitation success after both asphyxial
and VF cardiac arrests, no medication has been shown to
improve survival outcome from pediatric cardiac arrest.
Because of the dearth of pediatric CPR medication studies,
this fact should not be overinterpreted.

Vasopressors
During CPR, the �-adrenergic effect of epinephrine on vas-
cular tone is most important. The �-adrenergic action
increases systemic vascular resistance, increasing diastolic
blood pressure which, in turn, increases coronary perfu-
sion pressure and blood flow, and improves the likelihood
of ROSC. Epinephrine also increases cerebral blood flow
during CPR because peripheral vasoconstriction directs a
greater proportion of flow to the cerebral circulation. The
�-adrenergic effect increases myocardial contractility and
heart rate and relaxes smooth muscle in the skeletal
muscle vascular bed and bronchi, although this effect of
less important. Epinephrine also increases the vigor and
intensity of ventricular fibrillation, enhancing the likeli-
hood of successful defibrillation.

High-dose epinephrine (0.05–0.2 mg/kg) improves
myocardial and cerebral blood flow during CPR more than
does standard-dose epinephrine (0.01–0.02 mg/kg), and
may increase the incidence of initial ROSC. Administration
of high-dose epinephrine, however, can worsen a patient’s
postresuscitation hemodynamic condition, with increased
myocardial oxygen demand, ventricular ectopy, hyperten-
sion, and myocardial necrosis. Retrospective studies indi-
cate that use of high-dose epinephrine in adults or children
does not improve survival and may be associated with a
worse neurological outcome.

A randomized, controlled trial of rescue high-dose
epinephrine vs. standard-dose epinephrine after failed
initial standard-dose epinephrine for pediatric in-hospital
cardiac arrest indicated a worse 24-hour survival in the
high-dose epinephrine group (1/27 vs. 6/23, P
0.05). In
particular, high-dose epinephrine seemed to worsen the
outcome of patients with asphyxia-precipitated cardiac
arrest. High-dose epinephrine cannot be recommended
routinely for initial therapy or rescue therapy.

Wide variability in catecholamine pharmacokinetics
and pharmacodynamics dictates individual titration of
therapy in non-cardiac arrest situations. Therefore, it is
likely that a life-saving dose during CPR for one patient
may be life-threatening to another. Therefore, high-dose
epinephrine should perhaps be considered as an alterna-
tive to standard-dose epinephrine in special circum-
stances of refractory pediatric cardiac arrest (e.g., for a
patient on high-dose epinephrine infusion before cardiac
arrest) and/or when continuous direct arterial blood pres-
sure monitoring allows titration of the epinephrine dosage
to diastolic (relaxation phase) arterial pressure during
CPR. Nevertheless, high-dose epinephrine has not been
shown to improve outcome and should only be used with
caution.
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Vasopressin is a long-acting endogenous hormone
that acts at specific receptors to mediate systemic
vasoconstriction (V1 receptor) and reabsorption of water
in the renal tubule (V2 receptor). In experimental models
of cardiac arrest, vasopressin increases blood flow to the
heart and brain and improves long-term survival com-
pared to epinephrine. Vasopressin may decrease splanch-
nic blood flow during and after CPR. In randomized
controlled trials of in-hospital and out-of-hospital arrests
in adults, vasopressin had comparable efficacy to epi-
nephrine. Vasopressin did not improve outcome com-
pared with epinephrine.

In a pediatric porcine model of prolonged ventricular
fibrillation, the use of vasopressin and epinephrine in
combination resulted in higher left ventricular blood
flow than either pressor alone, and both vasopressin alone
and vasopressin plus epinephrine resulted in superior
cerebral blood flow than epinephrine alone.7 By contrast,
in a pediatric porcine model of asphyxial cardiac arrest,
return of spontaneous circulation was more likely in
piglets treated with epinephrine than in those treated with
vasopressin. A case series of four children who received
vasopressin during six prolonged cardiac arrest events sug-
gests that the use of bolus vasopressin may result in return
of spontaneous circulation when standard medications
have failed. Vasopressin has also been reported to be useful
in low cardiac output states associated with sepsis syn-
drome and organ recovery in children. While vasopressin
will not likely replace epinephrine as a first-line agent in
pediatric cardiac arrest, there are preliminary data to
suggest that its use in conjunction with epinephrine in
pediatric cardiac arrest deserves further investigation.

Calcium
For in-hospital pediatric cardiac arrests, hypocalcemia is
not uncommon. Although calcium administration is only
recommended during cardiac arrest for hypocalcemia,
hyperkalemia, hypermagnesemia, and overdose of
calcium channel blockers, it is commonly used for in-hos-
pital pediatric cardiac arrests, especially those occurring
after cardiac surgery. Administration of calcium has not
been found to improve outcome in cardiac arrest. Animal
studies suggest that calcium administration may worsen
reperfusion injury.

Buffer solutions
Cardiac arrest results in lactic acidosis from inadequate
organ blood flow and poor oxygenation. Acidosis depresses
myocardial function, reduces systemic vascular resistance,
and inhibits defibrillation. Nevertheless, the routine use of

sodium bicarbonate for a child in cardiac arrest is not rec-
ommended. Clinical trials involving critically ill adults with
severe metabolic acidosis did not disclose a beneficial
effect of sodium bicarbonate. The presence of acidosis may
depress the action of catecholamines, however, so that the
use of sodium bicarbonate seems rational in an acidemic
child who is refractory to catecholamine administration.
The administration of sodium bicarbonate is more clearly
indicated in the patient with a tricyclic antidepressant
overdose, hyperkalemia, hypermagnesemia, or sodium
channel blocker poisoning.

The buffering action of bicarbonate occurs when a
hydrogen cation and a bicarbonate anion combine to
form carbon dioxide and water. If carbon dioxide is not
effectively cleared through ventilation, its build-up will
counterbalance the buffering effect of bicarbonate. Other
side effects with sodium bicarbonate include hyper-
natremia, hyperosmolarity, and metabolic alkalosis.
Excessive alkalosis decreases calcium and potassium con-
centration and shifts the oxyhemoglobin dissociation
curve to the left.

Antiarrhythmic medications: lidocaine and amiodarone
Administration of antiarrhythmic medications should not
delay administration of a shock for a patient with ventric-
ular fibrillation. After unsuccessful attempts at electrical
defibrillation, however, medications to increase the effec-
tiveness of defibrillation should be considered. In both
pediatric and adult patients, the current first line medica-
tion in ventricular fibrillation is epinephrine for improved
myocardial readiness, because of improved myocardial
blood flow. If epinephrine with or without vasopressin and
a subsequent repeat attempt to defibrillate are unsuccess-
ful, the antiarrhythmic agents amiodarone or lidocaine
should be considered.

Lidocaine has been recommended traditionally for
shock-resistant VF in adults and children. Nonetheless,
amiodarone is the only antiarrhythmic agent that has been
prospectively determined to improve survival to hospital
admission in the setting of shock-resistant VF when com-
pared to placebo. Furthermore, patients who received
amiodarone for shock-resistant out-of-hospital ventricu-
lar fibrillation had a higher rate of survival to hospital
admission than those patients who received lidocaine
alone. Neither of these randomized controlled trials
included children. Although there are no published com-
parisons of antiarrhythmic medications for pediatric
refractory ventricular fibrillation, extrapolation of the
adult studies has led to the recommendation of amio-
darone as the preferred antiarrhythmic agent for children.
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Postresuscitation interventions

Temperature management

Mild induced hypothermia is the most celebrated goal-
directed postresuscitation therapy for adults. Two arti-
les published in the New England Journal of Medicine
on February 21, 2002 established that mild induced
hypothermia could improve outcome for comatose adults
after resuscitation from ventricular fibrillation cardiac
arrest. In both randomized controlled trials, the inclusion
criteria were patients older than 18 years who were per-
sistently comatose after successful resuscitation from non-
traumatic ventricular fibrillation. The multicenter
European study led by Fritz Sterz and Michel Holzer had a
goal of 32–34C for the first 24 hours post-arrest. The mean
time until attainment of this temperature goal was �8
hours. Six-month survival with good neurological outcome
was superior in the hypothermic group (75/136 vs. 54/137
with RR of 1.40 [CI,1.08–1.81]). Similarly, death at 6 months
after the event occurred less often in the hypothermic
group (56/137 vs. 76/138; RR of 0.74 [CI, 0.58–0.95]). In the
same issue of NEJM, Bernard reported good outcomes in
21/43(49%) of the hypothermic group vs. 9/34 (26%) of the
control group, P�0.046, OR 5.25 (CI, 1.47–18.76).

Importantly, hypotension occurred among over half of
the patients in both groups and was aggressively treated
with vasoactive infusion in the European study. Similarly,
more than half of Bernard’s patients received epinephrine
infusions during the first 24 hours post-resuscitation.

How should these data affect postresuscitation treat-
ment after pediatric arrests? Fever following cardiac
arrest is associated with poor neurological outcome.
Hyperthermia following cardiac arrest is common in chil-
dren. Although it is reasonable to believe that mild induced
systemic hypothermia may benefit children resuscitated
from cardiac arrest, benefit from this treatment has not
been rigorously studied and reported in children or in any
patients with non-VF arrests. At a minimum, it is advisable
to avoid even mild hyperthermia in children following
CPR. Scheduled administration of antipyretic medications
and use of external cooling devices are often necessary to
avoid hyperthermia in this population.

Postresuscitation myocardial support
Postarrest myocardial stunning occurs commonly after
successful resuscitation in animals, adults, and children.
Moreover, most adults who survive to hospital admission
after an out-of-hospital cardiac arrest die in the postre-
suscitation phase, many due to progressive myocardial
dysfunction. Animal studies have demonstrated that

postarrest myocardial stunning is a global phenomenon
with biventricular systolic and diastolic dysfunction, that
typically resolves after 1 or 2 days. This postarrest
myocardial stunning is pathophysiologically and physio-
logically similar to sepsis-related myocardial dysfunction
and postcardiopulmonary bypass myocardial dysfunc-
tion, including increases in inflammatory mediator and
nitric oxide production. Postarrest myocardial stunning
is worse after a more prolonged untreated cardiac arrest,
after more prolonged CPR, after defibrillation with
higher energy shocks and after a larger number of
shocks.

In 1998, Mullner and colleagues demonstrated poor LV
function in all 20 adults surviving to ICU admission after
out-of-hospital cardiac arrest. Similar to the data from the
induced hypothermia studies noted above, 17 of these 20
adults were treated with vasoactive infusions (epineph-
rine, dopamine, and/or dobutamine) during the first 24
hours after resuscitation.

Optimal treatment of postarrest myocardial dysfunction
has not been established. As noted above, such myocardial
dysfunction has been treated with various continuous
inotropic/vasoactive agents, including dopamine, dobuta-
mine, and epinephrine, in both children and adults.
Prospective, controlled animal studies have documented
amelioration of myocardial dysfunction with post-resusci-
tation intravenous dobutamine infusions. In addition, mil-
rinone improves the hemodynamic status of children with
postcardiopulmonary bypass myocardial dysfunction and
septic shock. Milrinone has also improved postarrest
myocardial function in a swine investigation. Finally,
the new inotropic agent levosimenden has also been effec-
tive in animal models of postresuscitation myocardial dys-
function.

Although prospective controlled trials in animals have
demonstrated that the myocardial dysfunction can be
effectively treated with vasoactive agents, there are no data
demonstrating improvements in outcome. Nevertheless,
because myocardial dysfunction is common and can lead
to secondary ischemic injuries to other organ systems or
even cardiovascular collapse, treatment with vasoactive
medications is a rational therapeutic choice that may
improve outcome. The hemodynamic benefits in animal
studies of postarrest myocardial dysfunction, pediatric
studies of postcardiopulmonary bypass myocardial dys-
function, and pediatric sepsis-related myocardial dysfunc-
tion support the use of inotropic/vasoactive agents in this
setting. Furthermore, adult studies document the common
occurrence of postarrest hypotension and/or poor myocar-
dial function “requiring” inotropic/vasoactive agents. In
summary, because treatment of postarrest myocardial
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dysfunction with inotropic/vasoactive infusions can
improve the patient’s hemodynamic status, such treatment
should be considered routinely.

Assuming treatment of postresuscitation myocardial
dysfunction is appropriate, what should be our thera-
peutic goal? Should we aim for a normal echocardio-
graphic ejection fraction? Normal cardiac output?
Normal blood pressure? Normal mixed venous oxygen
saturation? The answers to these questions are not cur-
rently available. This is a potentially rich area for further
investigation.

Blood pressure management
As noted above, postresuscitation myocardial dysfunction
is common and has many similarities to sepsis-associated
myocardial dysfunction. Therefore, it should not be sur-
prising that Laurent and colleagues (2002) found that 55%
of adults surviving out-of-hospital cardiac arrests required
in-hospital vasoactive infusions for hypotension unre-
sponsive to volume boluses.

Compared to healthy volunteers, adults resuscitated
from cardiac arrest have impaired autoregulation of cere-
bral blood flow. Hence, they may not maintain cerebral
perfusion pressure when systemic hypotension is present
and likewise may not be able to protect the brain from
acutely increased blood flow due to systemic hyperten-
sion. It is reasonable to presume that blood pressure vari-
ability should be minimized as much as possible following
resuscitation from cardiac arrest.

Nonetheless, a brief period of hypertension following
resuscitation from cardiac arrest may diminish the
no-reflow phenomenon. In animal models, brief induced
hypertension following resuscitation results in improved
neurological outcome compared to normotension. In a
retrospective human study, postresuscitative hyperten-
sion was associated with a better neurological outcome
after controlling for age, gender, duration of cardiac arrest,
duration of CPR, and pre-existing diseases.

Given these limited data, what should be our post-
resuscitation blood pressure goals for children? It seems
reasonable to treat aggressively and prevent hypotension,
Moreover, it seems unlikely that severe hypertension is
desirable. Any further assertions are difficult to support.

Glucose control
Hyperglycemia following adult cardiac arrest is associated
with worse neurological outcome, after controlling for
duration of arrest and presence of cardiogenic shock. In an
animal model of asphyxial cardiac arrest, administration of
insulin and glucose, but not administration of glucose
alone, improved neurological outcome compared to

administration of normal saline. Data are not available to
clarify whether clinicians should target tight glucose
control to avoid hyperglycemia and hypoglycemia follow-
ing pediatric cardiac arrests.

Extracorporeal membrane oxygenation CPR

Perhaps the ultimate technology to control postresuscita-
tion temperature and hemodynamic parameters is extra-
corporeal membrane oxygenation (ECMO). In addition,
the concomitant administration of heparin may optimize
microcirculatory flow.

The use of veno-arterial ECMO to re-establish circula-
tion and provide controlled reperfusion following cardiac
arrest has been published, but prospective, controlled
studies are lacking. Nevertheless, these series have
reported extraordinary results with the use of ECMO as a
rescue therapy for pediatric cardiac arrests, especially from
potentially reversible acute postoperative myocardial dys-
function or arrhythmias. In one study, 11 children who suf-
fered cardiac arrest in the PICU after cardiac surgery were
placed on ECMO during CPR after 20–110 minutes of
CPR. Prolonged CPR was continued until ECMO cannulae,
circuits, and personnel were available. Six of these 11 chil-
dren were long-term survivors without apparent neurolog-
ical sequelae. More recently, two centers have reported an
additional remarkable 8 pediatric cardiac patients pro-
vided with mechanical cardiopulmonary support during
CPR within 20 minutes of the initiation of CPR. All 8 sur-
vived to hospital discharge. Nevertheless, CPR and ECMO
are not curative treatments; they are simply cardiopul-
monary supportive measures that may allow tissue perfu-
sion and viability until recovery from the precipitating
disease process. As such, they can be powerful tools.

Most remarkably, Morris and Nadkarni reported 66 child-
ren who were placed on ECMO during CPR at the Children’s
Hospital of Philadelphia over 7 years. The median duration
of CPR before establishment of ECMO was 50 minutes, and
35% (23/66) of these children survived to hospital discharge.
We emphasize that these children had brief periods of “no-
flow,” excellent CPR during the “low-flow” period, and a
well-controlled post-resuscitation phase.

What does this ECMO-CPR experience mean? Potential
advantages of ECMO come from its ability to maintain tight
control of physiologic parameters after resuscitation. For
example, blood flow rates, oxygenation, ventilation, and
body temperature can be manipulated precisely through
the ECMO circuit. As we learn more about the processes of
secondary injury after cardiac arrest, ECMO might enable
controlled perfusion and temperature management to
minimize reperfusion injury and maximize cell recovery.
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Conversely, perhaps we should imitate ECMO goals for
children successfully resuscitated from cardiac arrest (e.g.,
maintain adequate SvO2).

Neuropsychological issues

Information about neurological outcomes and predictors
of neurological outcome after both adult and pediatric
cardiac arrests is quite limited. Two other pediatric issues
create barriers in assessing neurological outcomes of chil-
dren after cardiac arrests. First, pediatrics is developmen-
tal medicine. Prediction of future neuro-psychological
status is a complex task for any child, especially babies.
This issue is particularly complex after an acute neurolog-
ical insult like a cardiac arrest. In addition, the need to
consider the prearrest neurological potential of a child
adds another dimension/barrier to the assessment and
prediction of postarrest neurological status. Second,
many children who suffer a cardiac arrest have substantial
pre-existing neurological problems. For example, 17% of
the children with in-hospital cardiac arrests from the
NRCPR were neurologically abnormal before the arrest.

Our present knowledge about factors predicting neuro-
logical outcome from pediatric cardiac arrest is quite
limited. There is little information about the predictive
value of clinical neurological examinations, neurophysio-
logical diagnostic studies (e.g., EEG, or somatosensory
evoked potentials), biomarkers, or imaging (CT , MRI, or
PET) on eventual outcome following cardiac arrest or other
global hypoxic–ischemic insults in children.

There are some data indicating that burst-suppression
pattern on postarrest EEG is sensitive and specific for poor
neurological outcome. One study showed somatosensory
evoked potential (SSEP) was highly sensitive and specific
in pediatric patients after cardiac arrest. Nevertheless,
SSEP is not standardized in the pediatric population and is
difficult to interpret.

Biomarkers are emerging tools to predict neurological
outcome. In an adult study, serum level of neuron-specific
enolase (NSE) and S100b protein showed prognostic value.
NSE �33 mcg/liter and S100b �0.7 mcg/liter were highly
sensitive and specific for poor neurological outcome
(death or persisting unconsciousness). The validation of
those biomarkers in pediatric postarrest patients requires
further study.

CT scans are not sensitive in detecting early neurological
injury. The value of MRI studies following pediatric cardiac
arrest is not yet clear. MRI with diffusion weighting, however,
should provide valuable information about hypoxic–
ischemic injury in the subacute and recovery phases.

Most outcome studies of pediatric cardiac arrest have

not included neurological outcomes. Investigations that
include neurological outcomes have generally used the
Pediatric Cerebral Performance Category, a gross outcome
scale. Many neuropsychological tests can detect more
subtle, clinically important neuropsychological sequelae
from neurological insults. Neuropsychological outcomes
are important issues for future studies of outcome after
pediatric cardiac arrest.

Conclusions

Outcomes from pediatric cardiac arrest and CPR appear to
be improving. It seems likely that the evolving understand-
ing of pathophysiologic events during and after pediatric
cardiac arrest and the developing fields of pediatric critical
care and pediatric emergency medicine have contributed
to these apparent improvements. In addition, there are
exciting breakthroughs in basic and applied science labo-
ratories that are on the immediate horizon for study in
specific subpopulations of cardiac arrest victims. By strate-
gically focusing therapies to specific phases of cardiac
arrest and resuscitation and to evolving pathophysiology,
there is great promise that critical care interventions will
lead the way to more successful cardiopulmonary and cere-
bral resuscitation in children.

To shed the “therapeutic orphan” status of treatment for
pediatric sudden cardiac arrest and improve outcome for
children, the following are necessary: a large pediatric
sudden death registry; more and better pediatric sudden
arrest and asphyxial arrest animal studies; and multicenter
therapeutic trials in pediatric sudden arrest populations.
Treatment of sudden death in children in the future needs
to be more evidence-based and less anecdotal. Timing of
therapeutic interventions to prevent arrest, and protect,
preserve, and promote restoration of intact neurological
survival is of high priority.
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The percentage of elder persons throughout the devel-
oped world is rapidly increasing. In the USA, for example,
the percentage of the population 65 years and older
has increased from 4% in 1900 to 13% in 1990 and is pro-
jected to be 22% by 2030. The fastest growing segment of
the elderly population is the oldest persons who are 85
years or older and made up about 1% of the population
in 1990 but will increase to more than 5% over the next
30 years.1–9

Similarly in developed countries worldwide (including
Japan, Australia, New Zealand, and countries in Europe
and North America) the elderly segment of the population
is increasing significantly. The highest proportion of
elderly people in the world is in Sweden, with 18% of the
population 65 years or older.7 This demographic change
with increasing numbers of elder persons in the popula-
tion is expected to continue over the next 30 to 50 years. By
the year 2025, 5%–9% of the population in the developed
nations will be 80 years or older.1–9

This graying of the population in the developed world is
largely due to several demographic factors. This includes a
decline in the mortality rate especially from cardiovascular
diseases and decreased fertility rates in much of the devel-
oped world. The post-World War II baby boom generation
in the USA consists of 75 million persons born between
1946 and 1964. These people will be entering the geriatric
population over the next 20 years.1–9

This increased population of elder persons will have a
major impact on the delivery of healthcare. The majority of
elder patients suffer from chronic medical conditions and
many have limitations on daily activities. Persons over 75
years of age require the greatest amount of medical care
per capita of any age group. In addition, the social support

systems of the elderly are often less than optimal, with
many elderly persons living alone.1–9

The number of ED visits in the USA has increased by 26% in
the past decade. Elder persons are the most frequent users of
the emergency healthcare system. Each year, in the USA there
are 64 emergency department visits for each 100 persons
over 75 years of age. Heart disease is the most frequent ED
diagnosis for elder patients.10 In 1995, approximately 16%
of emergency department visits in the USA were made
by patients 65 years or older. Of the 100 million emergency
department visits in 1995, it is estimated that 15.7 million
patients were 65 years or older, with the most common
symptoms related to ischemic heart disease or cardiac dys-
rhythmias. More than 300 000 elderly patients are treated for
cardiac arrest in emergency departments in the USA each
year.1,5 Of patients seen in the emergency department,
elderly patients are seven times more likely to be admitted to
the hospital, five times more likely to be admitted to an inten-
sive care bed and five times more likely to use ambulance
transport compared to younger adult patients.11 Elder
patients seen in the ED are generally sicker than younger
patients. Approximately 47% of older patients seen in the ED
receive comprehensive ED care, 46% are admitted to the hos-
pital and 39% arrive by ambulance.11 As the number of elder
persons increases over the next four decades and medical
resources come under scrutiny, it will be a challenge to ensure
that the emergency care needs of elder patients are met.

Aging and the cardiovascular system

The functional reserve of the cardiovascular system and
the ability to tolerate stresses such as cardiac arrest or
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acute myocardial infarction decline with age. Although
elder persons constitute a heterogeneous group, coronary
artery disease, valvular heart disease, hypertension, and
myocardial infarction all increase with age.1–7,12–14 It is dif-
ficult to sort out whether it is age itself or accompanying
cardiovascular diseases that are responsible for cardiac
problems in the elderly. As people age, their arteries stiffen,
resulting in increased systolic blood pressure.1–7,12–14 Left
ventricular hypertrophy may accompany the rise in arter-
ial systolic pressure. There is no change in resting heart
rate. Nevertheless, maximal heart rate and aerobic capac-
ity decrease with age. The lack of heart rate response to
exercise or stress means that cardiac output must be main-
tained by increases in stroke volume and cardiac dilation.14

As people age there is increased myocardial stiffness which
impairs left ventricular filling increasing the risk for heart
failure and arrythmias. About 50% of elder patients have
abnormalities in their resting electrocardiogram. With
advanced age, there is also an attenuation of responsive-
ness to beta-adrenergic stimulation.1–9,12–14

About 60% of acute myocardial infarctions occur in
patients 65 years of age or greater. All of the physiologic
changes associated with aging, and particularly the lack of
cardiovascular reserve, contribute to the high mortality
after acute myocardial infarction in elder persons.1–7,15–20

Patients over 75 years have a much higher mortality from
acute myocardial infarction compared to younger patients.
In the GUSTO trial patients 75 years and greater had more
than a fourfold increase in mortality compared to those
under 65 years. This is thought to be due to comorbid dis-
eases, physiologic dysfunction and lack of physiologic
reserve.21

Older patients also have a higher mortality some time
after myocardial infarction compared to younger patients.
Rich et al. found the 1-year postdischarge mortality follow-
ing an acute myocardial infarction was 6.8% in patients
under 70 years and 19.1% in those 70 years or older.
Hospital mortality was 5.6% in patients under 70 years and
16.1% in patients 70 years or older. Even after adjusting for
multiple baseline and therapeutic differences in elder
persons, age remained a strong predictor of worsened in-
hospital and 1-year mortality.15 Posthospital mortality is
also increased three- to fourfold in elder patients.

The presentation of acute myocardial infarction
changes with age. Elderly patients present with atypical
symptoms such as shortness of breath, syncope, or con-
fusion. This fact may contribute to a delay in treatment
and increased mortality of older persons with acute
myocardial infarction. Fewer than half of patients 85 years
or older with acute myocardial infarction present with
chest pain.1–5,22

Ironically, elder patients who are at greater risk for death
following acute myocardial infarction are less likely to
receive aggressive treatment such as emergent reperfu-
sion.15,19,23 Even though this observation is partially
explained by the atypical presentations and contraindica-
tions for some treatments, many elderly patients who are
eligible for aggressive treatment do not receive them. In a
recent study of more than 2000 older patients with acute
myocardial infarction, Magid et al. found that older
patients were less likely to receive standard treatments
even when treatments are controlled for contraindications
and atypical presentations. Only 81% of eligible elder
patients received aspirin, 60% received beta-blockers, and
78% received acute reperfusion therapy.23 Weaver et al.
found that only 25% of potential candidates 75 years or
older who would have been eligible to receive thrombolyt-
ics were given this therapy.19 Some healthcare profession-
als are hesitant to administer key treatments to elder
patients; this is unfortunate because older patients with
acute myocardial infarction are at the highest risk and have
the most to gain in mortality and morbidity benefits.

Outcomes of cardiopulmonary resuscitation in
elder persons

The outcome of resuscitation attempts for cardiac arrest in
elder persons has been a subject of debate and conflicting
recommendations in the medical literature. Comparing
different studies in the medical literature is often difficult.
Many of the studies looked only at specific populations,
such as elderly patients in a nursing home or geriatric unit.
Other studies do not differentiate the effects of age from
those of other factors such as comorbid diseases, which
have a profound effect on survival from cardiac arrest. In
some studies of out-of-hospital cardiac arrest, resuscitation
rates of elderly and non-elderly patients were not com-
pared. This is important because successful resuscitation of
all patients depends highly on the efficiency of the emer-
gency medical services (EMS) system (bystander CPR, time
to defibrillation, and other factors). Consequently, without
studying a broad population including both older and
younger patients, it may be unclear whether poor survival
is due to age or an inefficient EMS system. Finally, studies
define the elderly population differently: ages above 60, 65,
70, 75 or 80 years have all been used to define an elderly
population.

One of the issues in dealing with the special needs of
elder patients is understanding societal attitudes about
aging. Many misperceptions, even among healthcare pro-
fessionals, result in stereotyping. For example, some people
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believe that elder persons who are resuscitated have severe
neurologic impairments; therefore some healthcare profes-
sionals treat elderly patients less aggressively than they
treat younger patients with the same disease. Words in the
medical literature are indicative of attitudes. For example,
the following titles appeared in prestigious journals:
“Should the Elderly be Resuscitated Following Out-of-
Hospital Cardiac Arrest?” and “Resuscitation of the Elderly:
a Blessing or a Curse?”24,25 Particular care should be taken in
distinguishing attitudes from scientific data and policy
recommendations.

Murphy et al. studied 503 patients who suffered cardiac
arrest in five Boston health care institutions.26 Only two of
the institutions were acute care hospitals, one was a long-
term care institution, and two were chronic care hospitals.
Of 503 cases reviewed, 112 (22%) had return of spontan-
eous circulation, but only 19 (3.8%) survived to hospital
discharge.26 Poor outcomes were noted for patients who
had unwitnessed or out-of-hospital arrests or arrests asso-
ciated with an initial rhythm of asystole or pulseless elec-
trical activity. The prognosis was also very poor in patients
who had two or more acute diseases or a severe underlying
chronic disorder.

This article was accompanied by an editorial in the
Annals of Internal Medicine by Podrid, who used these data
to demonstrate the futility of resuscitating elderly patients
in a cost-conscious environment with a shortage of critical
care beds.25 The editorial states:

When a person is an in-patient, resuscitation should not be

attempted even in the absence of a “do not resuscitate” order. . . .

In view of the findings of this study, it is perhaps time to establish

meaningful guidelines for do not resuscitate orders in the elderly

hospitalized patient in order to spare them costly, artificial, and

uncomfortable measures that only serve to delay death. . . . Is it

reasonable or fair to use critical care beds, which are costly and in

short supply, to provide intensive care for those patients who are

unlikely to recover or even survive the hospitalization? In this cost

conscious environment our resources must be more efficiently

allocated to those who are most likely to benefit from them.

This editorial is particularly interesting in light of the sig-
nificant flaws in the study by Murphy et al.26 Although the
data are interesting and provide a basis for discussion, they
are far from convincing and are contradicted by subse-
quent studies. Murphy et al. describe resuscitation success
in an elderly population in the Boston area without com-
paring it to a control group of non-elder persons in the
same area. Out-of-hospital resuscitation success depends
highly on an effective EMS system. What was the level of
EMS provided in the Boston area at the time of the study?
Becker et al. had shown that, while some cities have devel-
oped highly sophisticated EMS systems that produced

significant resuscitation and survival rates, other cities
such as Chicago have dismal resuscitation rates for all
patients in cardiac arrest.27 In a more recent study, survival
rates for all patients suffering cardiac arrest in Los Angeles
were less than 2%.28 Is the observation of poor survival in
the elderly population the result of age or of a poor EMS
system? Another concern is that Murphy et al. mixed popu-
lations from a number of healthcare institutions including
two acute care hospitals, two chronic care hospitals, and
one long-term care institution; yet the conclusions and
implications do not clearly distinguish these populations.
Is it fair to lump these populations together when many
patients in the database were in chronic care facilities? Are
there enough data to make conclusions about all elderly
patients? Patients, especially in chronic care facilities, have
significant comorbid diseases, a fact that was demon-
strated in the article by Murphy et al. Patients who had two
or more acute problems or one chronic disease had a poor
prognosis for long-term survival. Were the poor outcomes
the result of age itself or the comorbid diseases that may
occur at any age?

Out-of-hospital arrest

The Belgian cerebral resuscitation study group analyzed
2776 out-of-hospital cardiac arrests to determine the effect
of age on outcome and neurologic deficit.28 Overall, 23% of
patients were admitted to the hospital and 8% were dis-
charged alive. Age had no effect on hospital admission or
discharge rates. Seven percent of patients under 40 years
survived to discharge, compared to 7% of patients aged 70
to 79 years and 6% of patients older than 80 years. After
cardiac arrest, age had no effect on subsequent death from
neurologic causes. There was, however, a significant differ-
ence in non-neurologic deaths across the age groups. After
resuscitation, more elderly patients died in the hospital
from non-neurologic causes than did non-elderly patients.
The investigators also compared the effect of age on
outcome according to prearrest health status. Although
elderly patients more frequently had a dependent lifestyle
before the arrest, there was no effect of age on outcome
adjusted for prearrest health state. Pulseless electrical
activity occurred more frequently in patients 70 years or
older (12% vs. 9%). The authors concluded that decision
making in cardiac arrest should not be based on age and
that age was not associated with overall poor survival or
neurologic disability.29

Longstreth et al. reviewed the relation between age and
outcome in patients treated for out-of-hospital cardiac
arrest in Seattle over a 5-year period.30 Outcomes of 1405
patients 70 years and older were compared to 1624
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younger patients. There was no difference in elderly vs.
non-elderly patients with regard to resuscitation success
(27% vs. 29%) or discharge rate from the hospital (10% vs.
14%). Twenty-four percent of elderly patients with ventric-
ular fibrillation were discharged from the hospital alive.
The authors concluded that elderly patients can benefit
from attempted resuscitation from out-of-hospital cardiac
arrest.30

In a series of important studies, Tresch et al. provided
further insight into the etiology of cardiac arrest in
elder persons. They studied 1345 adult victims of out-of-
hospital cardiac arrest,31 and found that ventricular fibril-
lation as the initial rhythm in cardiac arrest decreased as
the age of the patient increased, whereas pulseless electri-
cal activity progressively increased (Fig. 54.1). Fifty-eight
percent of patients under 70 years of age demonstrated
ventricular fibrillation, compared to 44% of patients over
70 years. Overall, 16% of patients under 70 years of age sur-
vived to hospital discharge compared with 9% of patients
older than 70 years.

In another study, Tresch et al. analyzed 381 patients who
had out-of-hospital cardiac arrest witnessed by para-
medics.32 Elderly patients were significantly more likely to
have a past history of congestive heart failure (25% vs. 10%)
and were more commonly taking digoxin (40% vs. 20%)
and diuretics (35% vs. 25%). Before the cardiac arrests,
elderly patients were more likely to complain of dyspnea

(53% vs. 40%), whereas younger patients were more likely
to complain of chest pain (23% vs. 13%). Ventricular fibril-
lation was more likely to occur as the initial rhythm in
cardiac arrest in younger than in older patients (42% vs.
22%). There was no difference in successful resuscitation
rate between younger and elderly patients; however, 24%
of younger patients survived to hospital discharge com-
pared to 10% of elder patients. Survival to hospital
discharge depended on the patient’s age, presenting com-
plaint, and initial cardiac rhythm associated with the
arrest. In elder patients, 58% survived if their complaint
was chest pain and if ventricular fibrillation was their
initial arrest rhythm.32 This study gives us insight into the
etiology of cardiac arrest in elderly patients. It reinforces
the concept that chest pain is less common in elder
patients as a presenting symptom and that in elder
patients congestive heart failure and dyspnea are more
common symptoms (and possibly etiologies) of their
arrest. Even though resuscitation rates are similar in
elderly and younger patients, more elderly patients die
postresuscitation in the hospital. This is consistent with
the concept that elderly patients have less cardiovascular
reserve to withstand the insult of a cardiac arrest and
postarrest complications.

Herlitz et al. reviewed factors associated with resuscita-
tion in more than 8000 patients in Sweden. The proportion
of patients with a cardiac etiology of the arrest increased
with age. Fewer patients over 75 years presented with ven-
tricular fibrillation as their initial rhythm. Overall, 1-month
survival was worse in older patients, 4.5% for those less
than 65 years, 3.2% between 65 and 75 years and 2.5% over
75 years of age. The authors noted that they did not control
for comorbid diseases and their effect on outcome in older
persons.33

Swor et al. investigated whether age was a factor in the
survival to hospital discharge for more than 2500 patients
suffering cardiac arrest over a four year period. Patients 80
years or older were more likely to arrest at home and more
likely to have a bradyasystolic initial rhythm than younger
patients. Ventricular fibrillation was the initial rhythm in
64% of patients age 40–49 years, but found in only 40% of
patients 80 years and older. Survival to hospital discharge
was significantly decreased in patients 80 years and older.
Only 3.3% of patients over 80 years survived compared to
7.1% of patients age 70–79 and 8.1% for age 60–69. Though
the prognosis was not dismal for patients over 80 years, age
was an independent factor for decreased survival. In this
study, comorbid disease was not taken into account as a
variable affecting outcome.34

Iwami et al. reviewed out-of-hospital cardiac arrest
in Osaka, Japan over 2 years. They found that the annual
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incidence of arrest increased with increasing age. This was
due to an increase in cardiac causes of arrest with age,
while non-cardiac etiologies of arrest decreased with age.
The incidence of witnessed ventricular fibrillation also
decreased with age. Overall survival decreased with age.
However, some of the decreased survival may have been
due to other factors including comorbid diseases.35

In summary, the studies on the effect of age on out-
of-hospital cardiac arrest show a consistent pattern.
Resuscitation of older patients in cardiac arrest is not
futile. Many studies show that the overall prognosis for sur-
vival is worse for patients age 80 or greater. This observa-
tion holds when other emergency medical service factors
are accounted for such as bystander CPR, witnessed arrest,
time to defibrillation and initial rhythm. Most studies of
out-of-hospital arrest, however, do not take into account
the important prognostic factors of comorbid diseases
and baseline health status. Since older people generally
have more comorbid diseases than younger adults, it is
unknown whether it is age itself or the comorbid diseases
that are responsible for the worse prognosis after age 80. It
is also clear from multiple studies that the pattern of
cardiac arrest in older persons is different from that in
younger adults. Arrests are less frequently witnessed, more
frequently of a cardiac etiology and most importantly, less
frequently presenting with ventricular fibrillation as an
initial rhythm.

In-hospital arrest

Bedell et al. studied prognostic factors that determine
outcome after in-hospital CPR in 294 patients at a univer-
sity hospital in Boston.36 Overall, 14% of patients were dis-
charged alive, with 11% of the 294 patients alive at 6
months. A multivariate analysis showed that pneumonia,
hypotension, renal failure, cancer, and a home-bound
lifestyle before hospitalization were associated with poor
survival. None of the patients in whom the resuscitation
attempts took more than 30 minutes survived to hospital
discharge. Age did not appear to influence prognosis for
survival after CPR or adjustment to illness after discharge
from the hospital.36

Taffet et al. reviewed in-hospital CPR efforts for 77
patients 70 years or older in a Veterans Administration hos-
pital in Houston.37 Thirty-one percent of patients had
return of spontaneous circulation, and 22% were alive after
24 hours, but none survived to hospital discharge. In con-
trast, 16% of younger patients suffering cardiac arrest were
discharged alive. A multivariate analysis indicated that the
presence of sepsis, cancer, increased age, number of med-
ications, and absence of witnessed arrest were statistically

predictive of a poor outcome.37 In another study that took
place over many years, Gordon and Cheung retrospectively
reviewed cardiac arrests in a frail elderly population in a
multilevel geriatric care institution.38 Forty-one patients
underwent CPR, and four long-term survivors lived for 60
days or longer. No patient with unwitnessed arrest sur-
vived for 60 days. Notably, three of the four survivors were
not chronically ill.38

Bayer et al. reviewed 106 cardiac arrests in a geriatric unit:
39% were successfully resuscitated, 17% were discharged
from the hospital, and 15% were alive at 3 months. These
survival rates were comparable to those of younger patients.
The authors thought that age had no influence on outcome
and concluded that resuscitation attempts on geriatric units
can benefit a significant minority of patients.39

Parish et al. assessed the records of more than 2000
patients who suffered in-hospital arrest. The overall sur-
vival to hospital discharge was 27%. Geriatric patients had
a 24% survival to discharge while other adult patients had
a 29% survival rate. Younger age and initial rhythm were
correlated with survival. The researchers did not control
for comorbid diseases.40

De Vos et al. reviewed the charts of 553 patients who
received in-hospital CPR to determine risk factors for poor
survival. Overall, survival to hospital discharge was 22%.
Independent risk factors for non-survival were an age of 70
years or older, renal failure before admission and conges-
tive heart failure during hospitalization. Patients with risk
factors had a projected survival of less than 10%.41

Di Bari et al. did a retrospective review of 245 cardiac
arrests in a geriatric unit. Overall, long-term survival was
17%. The investigators compared patients above and
below 70 years of age. Independent predictors of short-
term survival were the initial rhythm in arrest, acute
myocardial infarction, heart failure and hypotension.
Long-term survival was negatively associated with heart
failure. Age was not an independent risk factor when the
researchers controlled for comorbid diseases.42

Hajbaghery et al. reported on factors influencing sur-
vival after 206 patients with in-hospital cardiac arrest in
Kashan, Iran. Predictors of survival to hospital discharge
were CPR duration, time of cardiac arrest, time from
cardiac arrest to CPR and defibrillation. Age was not an
independent prognostic factor.43

Sandroni et al. evaluated factors affecting the outcome
of 114 patients with in-hospital cardiac arrest over 2 years.
The key factor determining survival to hospital discharge
was the time to arrival of the cardiac arrest team. Age was
not a factor in the survival outcome.44

In summary, studies on in-hospital cardiac arrest
consistently demonstrate the importance of comorbid
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diseases and systemic factors in responding to the arrest.
In some studies age was an independent factor and in
others age was not a factor. It is clear that clinicians should
not consider it futile to resuscitate elder patients in cardiac
arrest.

Prognosis after return of spontaneous circulation

The hospital course and long-term survival in elderly and
younger patients who were successfully resuscitated after
out-of-hospital cardiac arrest was also investigated by
Tresch et al.24 The investigations were designed to deter-
mine whether elderly patients had worse neurologic
outcome and utilized more hospital resources than did
non-elderly patients. Although hospital deaths were more
common in elderly patients resuscitated from cardiac
arrest compared to non-elderly patients, the lengths of
hospitalization and stay in intensive care units were not
significantly different between the age groups. The
number of neurologic deaths and residual neurologic
impairments were similar in both age groups. Long-term
survival curves demonstrated similar survival in both

patient groups after hospital discharge, with approxi-
mately 65% of hospital survivors alive at 24 months after
discharge (Fig. 54.2).24 In this important study the authors
concluded that resuscitation of elderly patients who suffer
out-of-hospital cardiac arrest is appropriate. Although
elderly patients are more likely to die during hospitaliza-
tion, the hospital stay and residual neurologic deficits are
no different from those in younger patients.

Studies seem to reinforce the concept that resuscita-
tion of the elderly in cardiac arrest will benefit a signifi-
cant minority of patients. Elder patients often have
more comorbid diseases, and their cardiovascular
systems have less reserve. These factors may influence
the etiology of the arrest; congestive heart failure and res-
piratory problems may be more important etiologies in
elder persons who suffer cardiac arrest than they are
in younger adult patients. We have a similar concept
regarding the importance of respiratory compromise as
an etiologic factor in children suffering cardiac arrest.
Ventricular fibrillation appears to be less common as
the initial rhythm, whereas pulseless electrical activity
is more common. Since our treatment for the latter
condition is much less satisfactory than for ventricular
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fibrillation, this may account for some of the observed
differences in outcome.

It is also clear that many laypersons as well as healthcare
professionals fear that by attempting to resuscitate elderly
patients, they risk the possibility of resuscitating patients
who are severely neurologically compromised and consume
much of society’s health care resources. In fact, all the data
in the literature indicate that neurologic disability, neuro-
logic deaths, and even hospital resource use are similar for
elderly and younger patients following resuscitation from
cardiac arrest.

Ethical issues

Ethical issues concerning resuscitation of elder persons
are not unique to this population. The same concerns
should be relevant to any patient suffering cardiac arrest
or in a critical condition. Advance directives have become
common in the USA’s healthcare system and are particu-
larly relevant where decisions concerning resuscitation
must be made immediately. Advance directives convey the
wishes of the patient with respect to specific treatment,
including resuscitation from cardiac arrest. Written direc-
tives in the form of living wills or other recognized docu-
ments that specifically direct healthcare providers how
to treat patients are particularly useful. Directives that
specify “do not attempt resuscitation” (DNAR) are one
form of advance directive. These can be portable and used
out of the hospital as well as in healthcare institutions.
Many EMS systems throughout the USA have standard-
ized portable DNAR forms that a relative can present to
the emergency healthcare personnel. Emergency health-
care professionals should respect the wishes of the patient
when presented with valid advance directives not to
attempt resuscitation.

In effect, advance directives allow patients to make deci-
sions about their healthcare even if they are unconscious
or incapacitated. The underlying assumption, however, is
that it is the patient who makes the decision about resusci-
tation. A more thorough discussion of ethical issues in
resuscitation can be found in Chapter 66.

Therapeutic considerations

Most studies in the medical literature have focused on
the outcome of cardiac arrest in the elderly popula-
tion. There are few data to modify the existing recom-
mendations for the treatment of older patients in
cardiac arrest. Recommendations regarding therapy are

therefore based on consideration of the etiology of
cardiac arrest. During the cardiac arrest sequence it is
important to realize that ventricular fibrillation is less
common in elder persons and pulseless electrical activity
is more common compared to other adult cardiac arrests.
Aggressive anticipation of extracardiac causes of pulse-
less electrical activity such as hypovolemia from a rup-
tured aneurysm or dehydration is especially important.
Attention to hypoxia is also important, particularly since
so many patients present with dyspnea and congestive
heart failure.

Recognition that acute myocardial infarction in elder
persons can present with atypical symptoms is probably
the most important factor preventing cardiac arrest in
these patients. Symptoms include dyspnea, dizziness,
syncope, and weakness, as well as chest discomfort. Elder
persons have a high mortality following an acute myocar-
dial infarction. Therefore, it is most important to treat
myocardial infarction in such patients aggressively. Early
use of reperfusion strategies as well as other treatments
that may limit infarct size is more important in the elderly
than in a younger population.

Future directions

In the future it will be important for research to focus on
the special etiology and therapeutic needs of the elderly in
cardiac arrest. Academicians must do a better job of teach-
ing emergency healthcare personnel about the special
needs of elderly patients and the importance of aggressive
management of cardiovascular diseases.
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There is no malice in this burning coal;

The breath of heaven has blown his spirit out . . .

But with my breath I can revive it, . . .

William Shakespeare

Although asphyxia literally means no pulse (in Greek), it
represents an inability to breathe and therefore suffoca-
tion. Failure of gas exchange is characterized by hypoxemia
and hypercarbia, as originally defined by J.B.S. Haldane.1

A mechanistic classification of asphyxia (Table 55.1)
includes a diversity of pathophysiological processes that
preclude movement of gas from the upper airway to the
alveoli and ultimately to the tissues, the cells, and then to
the mitochondria, thereby sustaining oxidative metabo-
lism in vital organs.

Asphyxia is a cause of sudden death,1–3 but in contrast to
primary cardiac causes, it more often presents with brady-
cardia and asystole rather than ventricular fibrillation
(VF).4–8 In children, normothermic cardiac arrest is predom-
inantly due to asphyxia. Asphyxia is also the predominant
mechanism of cardiac arrest in neonates9,10 and in infants
due to the so-called sudden infant death syndrome,11,12

Status asthmaticus is an important cause of asphyxia.13 The
most frequent cause is failure of respiratory muscle func-
tion.1–3 Outcomes are worse whenVF evolves during asphyx-
ial cardiac arrest than after primary VF in adults.9–14

Anoxia or hypoxia is defined by critical reductions in arte-
rial oxygen saturation (SaO2) or arterial oxygen tension
(PaO2). Hypercarbia is defined by increases in arterial
carbon dioxide tension (PaCO2) in settings of inadequate
alveolar ventilation and usually in association with hypoxia.

The more recent and large focus on sudden cardiac death
predominantly due to VF followed the introduction and

routine use of defibrillators. Historically, however, resusci-
tation first focused on patients who had stopped breathing.
Indeed, drowning was the first to receive attention and the
management of victims of drowning predominated in the
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Table 55.1. Mechanisms of asphyxia

• Impaired alveolar ventilation of neuromuscular cause

including impairment of spinal cord, peripheral nerve, in end-

plate functions such as myasthenia gravis, neuromuscular

blockade

• Obstruction of the airway by foreign particulates, aspiration,

blood clots

• Obstruction of the upper airway by soft tissue, especially the

tongue, epiglottis

• Mechanical constraints of chest expansion, tension

pneumothorax, flail chest

• Tracheobronchial disruption due to trauma, tumor

• Drowning, laryngospasm

• Allergic or inflammatory disease of the airways (tracheitis,

asthma, chronic obstructive pulmonary disease)

• Drug-induced apnea caused by sedatives, narcotics, anesthetic

agents, neuromuscular blockade

• Generalized seizures (e.g., status epilepticus)

• Cardiogenic and permeability pulmonary edema

• Pulmonary thromboembolism

• Interstitial lung diseases

• Impaired oxygen availability, altitude, confined spaces

• Anemia, including acute hemorrhage, hemodilution

• Hemoglobinopathies, carboxy- and methemoglobinemia,

cyanide intoxication

• Neonatal uteroplacental dysfunction, umbilical cord

compression

• Sudden infant death syndrome



evolution of out-of-hospital resuscitation medicine.1 The
“humane societies” of London and Copenhagen were orga-
nized for that purpose (see Chapter 1).1 There is usually
opportunity for distinguishing between dysrhythmic
cardiac arrest of primary cardiac cause and asphyxia in set-
tings of witnessed cardiac arrest. The time course of
asphyxial cardiac arrest is typically prolonged and pre-
ceded by overt signs, in contrast to dysrhythmic arrest and
sudden death.3,14–17

Asphyxia also terminates life either at the beginning or at
the end of natural life. Intrauterine asphyxiation and peri-
partum asphyxiation are major causes of perinatal injury
and death.9,10

Mouth-to-mouth ventilation was described in the old
testament.18 The earliest implementation of mouth-to-
mouth artificial ventilation of asphyxiated newborn infants
was by midwives.1 Before the advent of vaccines and anti-
biotics, diphtheria- or “croup”-induced laryngeal obstruc-
tion or bronchiolitis in the young and pneumonia in the
elderly were common causes of fatal asphyxia. Today,
increased immune suppression for treatment of autoim-
mune diseases, chemotherapy for malignancies, and pre-
vention of transplant rejection, as well as the increasing
problem of antimicrobial resistance, the incidence of
infectious diseases may once again increase. Asphyxia
also occurs as a complication of permeability pulmonary
edema including the adult respiratory distress syndrome
(ARDS). ARDS remains one of the most intractable prob-
lems in critical care medicine. Asphyxia therefore remains
a major cause of fatalities over the entire age spectrum.

Unlike sudden cardiac arrest, cardiopulmonary dys-
function during asphyxiation is progressive.19–23 Claude
Beck, a famed cardiac surgeon who is credited with elec-
trically defibrillating the heart during surgery,4,5 observed
that the asphyxiated heart became cyanotic. This con-
trasted with regional ischemia which he described as
pink as it advanced to cell death due to myocardial
infarction.

Asphyxial cardiac arrest progresses from initial tachycar-
dia to progressive bradycardia terminating in electro-
mechanical dissociation (EMD), now more appropriately
described as pulseless rhythm. Cardiac arrest terminates in
electrical asystole.3,20 Prompt reversal of asphyxia mini-
mizes cellular injury and irreversibility.

Complete airway obstruction is typically followed
by apnea based on studies in experimental animals
(Fig. 55.1).14–17,19,21–36 Anatomical differences between
animal models and patients have been cited by the late
Professor Peter Safar as important. Humans and some pri-
mates have a kinked upper airway, with greater likelihood
of obstruction in comatose patients.37–43 In contrast, dogs

and pigs have a relatively straight upper airway that is more
likely to remain open even in the absence of tracheal intu-
bation. Intermittent chest compression may produce
adequate tidal volumes in animals without airway obstruc-
tion, but not necessarily in comatose human victims and
this was ascribed by Professor Safar to differences in
anatomy and therefore airway patency.6,45,48

Asphyxia has also been documented in patients caused
by extravasation of blood during jugular vein cannulation,
tracheobronchial thrombus, and esophageal polyps.41–44

Pathophysiology

During cardiac arrest, the heart and the brain become
the most vulnerable organs.2,3 This applies to both asphyx-
ial and dysrhythmic cardiac arrest. Current techniques of
cardiopulmonary-cerebral resuscitation (CPCR) for re-
establishment of spontaneous circulation differ contin-
gent on either asphyxial or dysrhythmic cause. In both
instances, however, global brain ischemia is followed by
cerebral ischemic injury. Its pathophysiology is more
specifically reviewed in Chapters 5 and 13.

Haldane regarded asphyxia as a combination of hyper-
carbia and hypoxemia in which hypercarbia may make the
machine malfunction, but it is hypoxemia that not only
stops the machine but also wrecks the machinery.1

Henderson9 differentiated among apneic asphyxia, acarbic
asphyxia as in carbon monoxide poisoning, and chronic
asphyxia as in anemia. Alveolar anoxia alone, without
hypercarbia, stops the heart in systole. Hypercarbia
without hypoxemia produces hypercarbic acidosis and
may impair cardiac function but does not stop the heart
beat.49–56

Dysrhythmic cardiac arrest represents perfusion failure
of the myocardium and therefore failure of oxygen delivery
to sustain myocardial metabolism. When patients are
maintained on total cardiopulmonary bypass (CPB), no
ventilation is required because gas exchange is supplied by
the extracorporeal circuit. This contrasts with patients
who have supranormal minute ventilation but impaired
alveolar ventilation characteristic of respiratory distress
syndromes. Accordingly, processes that critically reduce cel-
lular availability and use of oxygen in the absence of circu-
latory failure are appropriately defined under the umbrella
of asphyxia (Fig. 55.2).

The asphyxial syndromes are categorized in Table 55.1
and Fig. 55.2. Asphyxia may interfere with energy metabo-
lism at multiple sites between mouth and mitochondria.
Airway obstruction is selectively asphyxial. Impediments
to ventilation, such as tension pneumothorax, may impair
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oxygen delivery and therefore organ function through a
combination of asphyxial and circulatory mechanisms.

Airway obstruction may produce initial hypoventilation
and terminate in apnea after consciousness is reduced.2,38

Coma, in contradistinction to sleep, is characterized by a
loss of muscle function such that the tongue and epiglottis
are no longer lifted off the posterior pharyngeal wall.38

Backward tilt of the head, and in some victims, forward
displacement of the mandible lifts the tongue and epiglot-
tis and thereby restores patency of the air passage (Fig.
55.3).37–43 Approximately one-third of comatose patients
require forward displacement of the mandible as part of
the so-called triple airway maneuver (Fig. 55.4).37,38

Intermittent or continuous positive-pressure ventilation

(IPPV, CPPV) minimizes laryngospasm.57 Nasal obstruc-
tion is usually expiratory because of valve-like function of
the soft palate.39,40 If the larynx itself is obstructed, tracheal
intubation or cricothyrotomy are life-saving (Fig. 55.5). In
settings of asphyxia in a conscious patient, there is a high
likelihood of full recovery if ventilation is promptly
restored. After cardiac arrest, ventilation and chest com-
pressions have a lesser likelihood of successful outcomes
even if spontaneous circulation is restored. Cerebral recov-
ery is likely to be incomplete.32–34

Apnea or complete airway obstruction in adult humans
breathing air is followed by critical decreases in arterial O2

saturation to less than 80% within 60 seconds.37,58 Without
alveolar ventilation, arterial PCO2 increases by 5 to 7 mm
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Hg/min. A small number of effective inflations, even with
exhaled air, will rapidly normalize blood gas values.37,58

Sudden onset of apnea progresses at a slower rate to
asphyxial cardiac arrest than does complete airway
obstruction during which spontaneous breathing efforts
increase oxygen demands.59 Sudden apnea may result
from traumatic or electrical injury, anesthesia, muscle
relaxants, narcotics, or hypnotics, or cerebral injury with a
sudden increase in intracranial pressure.

In conscious persons, upper airway obstruction pro-
vokes coughing, and this represents a spontaneous attempt
to relieve obstructions. Powerful ventilatory efforts may
clear the airway. Partial obstruction also provokes vigorous
ventilatory efforts, which may reduce rather than increase
arterial Pco2. Hypoxemia can be exacerbated by reflex-
induced bronchospasm or laryngospasm.

Airway obstruction that provokes increased ventilatory
efforts, including exaggerated intercostal and suprasternal

retractions, provokes autonomic discharges and in turn,
hypertension and tachycardia. A brief interval of hyperten-
sion is then followed by hypotension in part due to myocar-
dial impairment. Vagotonus accounts for nodal rhythms
followed by ectopic ventricular beats terminating in ven-
tricular asystole or an agonal rhythm or electric asystole.

If the victim is breathing room air, complete airway
obstruction is followed by a fall in arterial Po2 of 30 mm Hg
and arterial O2 saturation to 60% or less after approxi-
mately 2 minutes. The decline is coincident with loss of
consciousness. Between 3 and 10 minutes after complete
airway obstruction, apnea and pulselessness supervene.
When the arterial Po2 is reduced to approximately 20 mm
Hg, apnea begins. The arterial PCO2 is over 70 mm Hg, and
the arterial pH is about 6.8 to 7.0. Pulselessness occurs
when the arterial PO2 is approximately 10 mm Hg and the
arterial pH is 6.3 to 6.8.17 When arterial pressure decreases
below 30 mm Hg, pupillary dilation occurs and progresses
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to an isoelectric electroencephalogram (EEG). With sys-
tolic pressure below 25 mm Hg, PEA is apparent.20–36

Eventually the arterial pressure tracing is almost flat, but
ECG complexes may continue, possibly for 5 minutes or
longer. Thus complete airway obstruction after air breath-
ing causes clinical death (pulselessness) in 5 to 10 minutes.

After resuscitation from asphyxial cardiac arrest, the cir-
culatory and metabolic abnormalities are similar to those
of sudden cardiac arrest due to VF,3,27,44 Asphyxial arrest
is more likely than fibrillatory arrest to cause cerebral
ischemic injury.32–34

Asphyxia disrupts homeostasis through the interrup-
tion of O2 delivery to the mitochondria. Once the balance
between O2 supply and demand is disturbed, cellular

hypoxia occurs and pyruvate produced by anaerobic
glycolysis is converted to lactate. Initial respiratory aci-
dosis becomes combined respiratory and metabolic aci-
dosis (Fig. 55.2). Elevated serum lactate and increases in
tissue PCO2 are among the most sensitive indicators of
impaired cellular respiration. It has been suggested that
elevated tissue lactate and PCO2 may of themselves
mediate brain injury during asphyxia but the evidence is
not persuasive.60–62

Effects of hypercarbia

During apnea the increase in arterial PCO2 is approximately
5 to 7 mm Hg/min. In healthy persons, pre-ventilation with
30% O2 will maintain arterial PO2 above 75 mm Hg for at
least 5 minutes. Pre-ventilation with 100% O2 and complete
denitrogenation can maintain arterial PO2 above 75 mm Hg
for over 30 minutes if there is no impairment in alveolo-
capillary diffusion. The arterial PO2 declines when alveolar
O2 is displaced by CO2 followed by right-to-left shunting
associated with absorption atelectasis of oxygen-filled
alveoli. Hypercarbia alone rarely results in death; dogs can
tolerate artificial ventilation with up to 70% CO2 (30%
O2).53,54 Hypotension begins when the arterial pH decreases
to approximately 6.8 and cardiac arrest is likely to occur
after arterial pH decreases to 6.5 units. In animals this may
require as long as 30 minutes after arterial PCO2 has risen to
about 340 mm Hg provided that arterial PO2 is maintained
above 80 mm Hg. Humans can survive such severe hyper-
carbia provided that oxygenation is adequately provided so
that return to normocarbia is gradual to avoid ventricular
arrhythmias attributed to rapid potassium shifts.50–55

Neurologic injury and comparison of asphyxia
and ventricular fibrillation

VF-induced normothermic cardiac arrest of 3 to 4 minutes’
duration can be reversed with complete neurologic recov-
ery and histologically preserved brain. After 5 minutes of
VF there may be functional recovery but histological
ischemic damage of neurons.32,63 When the duration of
normothermic VF is 7 minutes or longer, some neurologic
deficit will be apparent together with permanent histologic
brain damage.44,63,64

When asphyxiation was reversed just prior to onset
of cardiac arrest, complete recovery followed without
histologic brain damage. After onset of pulselessness,
however, permanent neurologic deficit, with histo-
logic brain damage is observed.32–34 Neurologic deficit is
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particularly likely in patients in whom pre-existing illness
caused tissue hypoxia prior to asphyxiation.

After asphyxial arrest and resuscitation, ischemic neu-
ronal changes “mature” over 3 days or longer; and injury
appears more severe and widespread than after VF of the
same duration of circulatory arrest.32–34 After both insults,
injured neurons appear shrunken, with eosinophilic cyto-
plasm and pyknotic nuclei. Selectively vulnerable are the
hippocampus, cerebellum, and neocortex. After asphyxia,
however, there are also scattered microinfarcts.32–34 The
severity of injury after asphyxial cardiac arrest is increased
when hypotension precedes pulselessness.

In summary, asphyxial cardiac arrest appears more inju-
rious to the brain and less injurious to the heart than does
VF cardiac arrest of similar duration. Brain recovery also
appears less likely after asphyxial arrest than it does after
exsanguination cardiac arrest of equal duration.65

Therapeutic considerations

If alveolar ventilation with air or O2 is restored prior
to impairment of blood flow manifested by arterial
hypotension, resuscitation is usually prompt and complete.
When asphyxiation progresses to profound hypotension or
pulselessness, basic life support (BLS) measures may still
restore spontaneous circulation, but both ventilation and

chest compression are needed. After just a brief interval of
true cardiac arrest, ROSC may be possible after up to 20
minutes of pulselessness.16 The brain, however, may not
fully recover after as little as 2 minutes of asphyxiation-
induced pulselessness.32–34

Asphyxial cardiac arrest is the final common pathway
for a diverse group of disease processes, and its complete
reversal usually requires correction of the underlying
disorder. The most important initial interventions are
airway control, ventilation, and oxygenation (Table 55.2).
The triple airway maneuver, i.e., backward tilt of the
head plus forward displacement of the mandible and
separation of lips requires no devices (Fig. 55.4). This is
often all that is needed to prevent progression of asphyx-
iation to cardiac arrest. Tracheal intubation or alternate
and now less invasive devices are utilized to secure the
airway for the longer term. Under immediate life threat,
puncture of the cricothyroid membrane may be required
(Fig. 55.5).

Asphyxia progressing to pulselessness is often encoun-
tered in prehospital settings of cardiac arrest and
accounts for PEA and/or asystole.7 The pathophysiology
of asphyxia is fundamentally different from sudden death
due to VF. Cardiac arrest is not sudden. Signs of asphyxia-
tion provide opportunities for intervention before the
onset of pulselessness. Therapeutic intervention must be
rapid, optimally before onset of hypotension.
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Fig. 55.4. Emergency airway control. Triple airway maneuver (backward tilt of head, lips and teeth separated, forward displacement of

mandible [jaw thrust]). A. With operator at patient’s vertex, for spontaneously breathing patient. B. With operator at side of patient, for

direct mouth-to-mouth ventilation. Seal nose with cheek for mouth-to-mouth breathing. Seal mouth with other cheek for mouth-to-

nose breathing. C. Modified triple airway maneuver by thumb–jaw lift method (for relaxed patient only). (From Safar P, Bircher NG,

Cardiopulmonary cerebral resuscitation. 3rd ed. World Federation of Societies of Anaesthesiologists. London: Saunders, 1988.)



The most common ECG rhythm during asphyxial
cardiac arrest is PEA. Defibrillation is indicated only if VF
is identified and often follows precordial compression.

The transition from spontaneous circulation to asphyx-
ial cardiac arrest is not easily detected. There are no
specific measurements such as blood pressure that would
mandate chest compression or alternative circulatory
support. Such is also likely to be contingent on the etiology.
All patients would best be under the close observation of
appropriately skilled clinicians until they are stable and
fully awake.

Patients with a potentially reversible etiology of asphyx-
ial arrest who fail to respond to standard BLS-ALS maneu-
vers may be candidates for open-chest CPR, especially in
settings of tension pneumothorax, pericardial tamponade,
and other intrathoracic crises.66,67 Institutions that provide
extracorporeal circulation and who have a team prepared
to secure the protocol prospectively may utilize extracor-
poreal circulation.68

Airway obstruction

Upper airway soft tissue obstruction during coma of any
cause or during general anesthesia is the most common
cause of asphyxiation in humans (Fig. 55.3).2 In an
unconscious patient when the head is in the mid or flexed
position, the relaxed tongue and epiglottis impinge on
the posterior pharyngeal wall and larynx. Such obstruc-
tion occurs in diverse body positions: supine, lateral, or
prone.38

This cause of asphyxia is not only most common but also
most easily managed. Simply tilting the head backward or
thrusting the jaw forward re-establishes patency of the
airway (Fig. 55.3).37–43 Professor Safar estimated that in 20
to 30% of instances, both techniques are required.39,40

Airway adjuncts may maintain airway patency (Table
55.2).2 Foreign body aspiration is the second most common
cause of life-threatening airway obstruction.

Mouth-to-mouth or mouth-to-nose for BLS advances to
mouth-to-adjunct breathing, with or without O2 and the
bag-mask (tube) ventilation with or without O2.

Airway obstruction may be due to vomitus, blood, or a
foreign body or mass lodged in the pharynx or larynx.
Obstruction may occur at any level between mouth or
nose and bronchioles. In the classic syndrome of sudden
solid foreign body obstruction, described as a cafe coro-
nary, food is the obstructing foreign body.69–75 Altered
mental state and especially intoxication by alcohol
or drugs and poor dentition are major risk factors.
Aspiration, especially in the elderly,76 may block the
airway by direct mechanical obstruction or by trigger-
ing laryngospasm and bronchospasm. Laryngospasm
reverses after cerebral hypoxia supervenes. Obstruction
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may also accompany inflammatory, infectious, or neo-
plastic diseases.

Complete obstruction of the airway by a “swallowed”
foreign body is most commonly due to impaction of the
foreign body in the hypopharynx, in the entrance to the
larynx, or at the level of the cricoid cartilage.69 Sudden
inability to talk, labored respiratory efforts, and progres-
sive cyanosis constitute the classic signs of foreign body
obstruction. The patient may clutch his or her neck. The
presence of a high pitched upper airway sound and the
capability to vocalize or cough indicate incomplete
obstruction. When the obstruction is incomplete and the
patient is conscious, the patient should be encouraged to
expel the foreign body by himself. Supplementing inspired
oxygen is beneficial. Once complete obstruction pro-
gresses to unconsciousness, there is impending asphyxial
cardiac arrest.

The use of subdiaphragmatic (abdominal) thrusts70,71 is
the primary intervention for relieving the airway obstruc-
tion in persons above the age of 1 year and back blows for
infants below 1 year. Infants and small children should be
placed prone, with the head lowered on the rescuer’s hand
or knee. Alternatively, back blows may be used in lieu of
abdominal thrusts in all age groups. If abdominal thrusts
produce only a weak cough-like effect,73 the chest thrust
may be effective and is safer77 and this is the maneuver

of choice for pregnant women. Abdominal thrusts as
described by Heimlich are not without controversy.2,8,70,72

Thrusts should best be synchronized with the patient’s
intrinsic attempts to expel the foreign body. If the victim is
conscious, rescuers should be alert to minimize injury to
the victim during struggling. Physical attempts to remove
the impacted foreign body may result in greater impaction
or a human bite to the hand of the rescuer.

Once the patient is unconscious, mouth-to-mouth infla-
tions, digital scooping of the hypopharynx, abdominal or
chest thrusts, and back blows are administered and con-
tinued until the airway is cleared.2 When complete
obstruction is not relieved, early decision to perform
cricothyroidotomy is life-saving (Fig. 55.5).

Professional ALS rescuers should be prepared to use
airway equipment before unconsciousness occurs. Use of
the bag-valve-mask with 100% oxygen is the first option. If
the obstruction is complete, the hypopharynx should be
visualized with a laryngoscope and attempts made to
remove the foreign body with forceps. Blind attempts to
remove a foreign body are not advised for they may force
the obstructing material to be pushed further in the more
distal airway. Endotracheal intubation may be life-saving,
yet the risk of advancing the foreign body to the cricothy-
roid level has grave consequences.

If there is failure to remove the foreign body promptly,
cricothyrotomy should not be delayed. One operator
should support the triple airway maneuver (Fig. 55.4), with
the other person performing cricothyrotomy (Fig. 55.5).
Puncture of the trachea or cricothyroid membrane with a
catheter needle with insufflation of oxygen distally is
another life-saving option.78–81 Relatively small amounts of
oxygen are needed to prevent progression to cardiac arrest.
After complete obstruction, care must be taken to prevent
overdistending the lungs and causing air trapping.
Pressurizing the airway distal to the obstruction in the
upper airway may move the foreign body upward, making
it easier to remove. If cardiac arrest occurs before patency
is established, chest compressions are likely to be futile.

A unique form of sudden and total airway obstruction is
hanging,82–84 but this is not addressed in this chapter.

Stupor and coma

Spontaneous ventilation requires an intact neuraxis and, as
stated above, CNS impairment is the most common cause
of asphyxial cardiac arrest. Critical loss of innervation
between the respiratory center and respiratory muscle
fibers impairs ventilation specifically from anesthesia and
other drug-induced coma; neurologic diseases, including
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Table 55.2. Resuscitation from asphyxial cardiac arrest

1. Establish unresponsiveness

Activate EMS system

2. Airway control

(a) Backward tilt of heada

(b) Pharyngeal suctioning

(c) Supine aligned positiona

(d) Pharyngeal airway

(e) Heimlich maneuver or back Bronchoscopy 

blows – manual thrusts Bronchodilation

Pleural drainage 

(f) Side (recovery) positiona

(g) Laryngeal mask or esophageal 

obturator airway

3. Lung inflation attemptsa

4. Triple airway maneuver 

(jaw-thrust, open mouth)a

5. Endotracheal intubation 

tracheobronchial suctioning

6. Manual clearing of mouth and throata

7. Cricothyrotomy translaryngeal O2

jet insufflation – tracheotomy

aLife-supporting first aid.



poliomyelitis or polyneuritis (Guillain–Barré syndrome);
head trauma and other causes of increased intracranial
pressure; focal cerebral ischemia; intracranial hemorrhage;
and seizures.

Metabolic or toxic causes also impair ventilation. Trauma
may impair the respiratory center or disrupt transmis-
sion through the spinal cord. Polyneuritis can interfere
with peripheral transmission of action potentials. The
poliomyelitis virus infects and impairs anterior horn motor
neurons. Botulism and neuromuscular blocking agents
prevent transmission at the neuromuscular end-plates.

A patient who is not fully alert is at risk of asphyxia. Pulse
oximetry is likely to forewarn the clinician of progression to
asphyxia. Patients presenting with new onset of coma
should be routinely intubated and usually provided with
supplemental oxygen. Apneic or hypoventilating patients
should be mechanically ventilated. Initiation of these mea-
sures, including pulse oximetry and optimally, capnome-
try, should precede evaluation of the underlying etiology
prior to cardiac arrest. Measurement of expired CO2

(PETCO2) is less reliable to guide interventions during
asphyxial cardiac arrest.85

Head trauma as the etiology of CNS dysfunction will
usually be obvious on presentation. Intoxication by seda-
tives, narcotics, alcohol, or cocaine have characteristic
presentations and are among the most treatable etiolo-
gies of asphyxia and these are addressed in Chapter 58. It
is important to identify the underlying cause for purposes
of specific interventions; nonetheless, BLS-ALS takes
precedence. After spontaneous circulation has been
restored, attention should then be directed to the under-
lying cause.

Traumatic brain injury, blunt or penetrating, may cause
so-called impact apnea lasting seconds to minutes.86,87

Immediate ventilation is indicated to prevent hypoxemia
with hypercarbia, most especially if the situation is compli-
cated by seizures. Seizures exacerbate ischemic brain injury
and BLS may be life-saving. If both apnea and trismus com-
plicate management, mouth-to-nose breathing is indi-
cated. After initial stabilization, care must be taken to avoid
secondary failure of spontaneous ventilation due to
intracranial hypertension. Comprehensive ICU monitoring
of cardiorespiratory function and repetitive neurologic
examinations alert the clinician to early intervention.88,89

Acute focal brain ischemia follows cerebrovascular acci-
dents, including intracranial hemorrhage and this may be
difficult to distinguish from brain ischemia due to tran-
sient apnea resulting from airway obstruction.90 Even if the
patient is initially conscious, secondary brain swelling may
impair ventilation, especially if there is progression to
brain stem herniation. Measures to counter increases in

intracranial pressure and to improve cerebrocortical oxy-
gen delivery are advised.

Generalized convulsions can cause asphyxia from loss of
pharyngeal muscle tone, with secondary airway obstruc-
tion. The extraordinary increases in metabolic rate and
therefore oxygen demands may contribute to the neuro-
logic deterioration that occurs if epilepsy is poorly con-
trolled. Neurologic injury is traced to both hypoxemia
during convulsions, and to metabolic failure.

Management of repetitive or prolonged generalized con-
vulsions, so-called status epilepticus, is an indication for
mechanical ventilation with oxygen. A muscle relaxant may
facilitate external ventilation. A CNS depressant, such as
diazepam, or a rapidly acting barbiturate is administered to
control the seizures. Seizures themselves lead to death from
cardiac causes. Temporal lobe seizures, for example, may
cause ventricular arrhythmias and VF by mechanisms that
are not fully understood. Electroconvulsive therapy may
produce asphyxia due to airway obstruction, apnea, post-
ictal coma, or from anesthetics and relaxants administered
in conjunction with such treatments. Appropriate airway
management and monitoring, including pulse oximetry,
has made asphyxia a rare complication of electroconvulsive
therapy.

Lightning stroke91,92 can cause prolonged apnea and
cardiac standstill. The heartbeat may return over minutes.
Apnea may account for asphyxial cardiac arrest. Household
currents may cause cardiac arrest by producing VF.

Traumatic asphyxia

Crushing injury of the thorax is a distinct cause of
asphyxia.93–102 It can occur during stampedes when large
crowds panic and attempt to leave a confined area through
a restricted exit. Traumatic crush may then be a mass casu-
alty event. Extrication may be delayed and therefore delay
restoration of ventilation. If cardiac arrest precedes extri-
cation, it precludes a good outcome. After national disas-
ters such as earthquakes or in military settings, victims
may have parts of their body trapped and crushed, and
such patients may become unconscious, apneic, and
pulseless after release and extrication. This “acute crush
release death” of accidental cause following reperfusion
must be differentiated from the late postcrush catabolic
syndrome caused by myoglobinemia and renal failure.

Sustained thoracic crush injury (squeeze) may result in a
distinct syndrome characterized by cephalad cyanosis and
edema and facial and conjunctival petechiae.96–98 Pressure
may be transmitted through the venous system into the
cranium, increasing intracranial pressure and exacerbating
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neurologic injury.99–101 Abdominal structures appear to be
relatively protected.98 After crush injuries, it is likely that if
victims do not lose spontaneous circulation and are
promptly resuscitated, the outcome is favorable.95,102 The
prognosis worsens considerably after prolonged crushing,
when patients progress to hypotension and cardiac arrest.
If spontaneous circulation is restored, neurologic impair-
ment is common.

In these settings, there is indication for securing the
airway. Cephalad edema may make orotracheal intubation
difficult. If shock, and especially cardiac arrest, supervene,
a surgical airway is indicated. Crush squeeze injury such as
to cause traumatic asphyxia should be distinguished from
pulmonary compromise due to multiple rib fractures, flail
chest, and pulmonary contusion. These require controlled
ventilation.103–105

Drowning

Submersion produces asphyxia, usually with water in the
lungs.106–110 Hypoxemia and hypercarbia from submersion
without loss of pulse represent “near-drowning.” After
resuscitation, lung damage usually remains. Progression to
cardiac arrest is defined as drowning. If ROSC is achieved,
brain damage may be the principal deficit. This subject is
specifically addressed in Chapter 61.

Sudden death after submersion is attributed to
asphyxia caused by impaired alveolo-capillary exchange
of oxygen. Struggling, swallowing, and laryngospasm
precede asphyxia,15 followed by hypoxia-associated relax-
ation and flooding of the tracheobronchial tree. Alveoli
remain damaged after aspiration of either sea water111 or
fresh water.112 Hypertonic sea water draws fluid from
the vascular compartment into the alveoli and causes
pulmonary edema. Hypotonic fresh water is less damag-
ing but causes atelectasis after pulmonary surfactant is
inactivated. In both instances, asphyxia is potentially
reversible with restoration of improved pulmonary gas
exchange.110 Pulmonary damage is typically transient
with modern methods of assisted or controlled ventila-
tion.110 Electrolyte abnormalities are less important than
earlier suspected.110,113,114 Water should be allowed to
drain passively from the airways during CPR with the
victim horizontal or head slightly lowered; abdominal
thrusts70 are not of proven benefit.115

The limiting factor to recovery after drowning is
postischemic-anoxic encephalopathy. This is contingent
on immersion (arrest) time and water temperature. After
normothermic drowning, cerebral recovery has been
poor, particularly in children.109,116,117 It comes as no

surprise that even brief normothermic pulselessness is
predictive of brain damage.32–34 In cold water drowning,
however, cerebral hypothermia is protective and circula-
tory arrest is delayed.118 That explains why after 45 or even
60 minutes of ice water submersion, complete recovery
has been observed following successful CPR and slow
rewarming.117,119 After cold water drowning, standard
external CPR after 45 minutes of submersion119 and in
dogs after 1 hour120 or even 2 hours of cardiac arrest121

have allowed restoration of spontaneous circulation and
neurological recovery.

Pulmonary failure

Critically ill or injured patients develop hypoxemia in con-
sequence of acute or chronic ventilation-perfusion mis-
matching, including right-to-left shunting of unoxygenated
blood through non-ventilated alveoli.122 Atelectasis from
airway obstruction or failure of surfactant, alveolar edema,
and pneumonic exudate are primary causes of such shunts.
Etiologies include congenital, infectious, neoplastic, trau-
matic, toxic, immunologic, and thromboembolic causes. In
neonates and children, congenital etiologies are particu-
larly common. As antibiotic resistance and immunologic
incompetence have become more prevalent, the incidence
of sepsis is increasing together with pulmonary infiltrates
characteristic of ARDS.123–125

Acute pulmonary insufficiency stimulates hyperventila-
tion, largely driven by peripheral chemoreceptors and by
mechanical stimulation of pulmonary stretch receptors. As
little as 20% of the total lung tissue suffices to keep arterial
PCO2 within normal limits during spontaneous or artificial
hyperventilation. Nevertheless, there is progressive hypox-
emia.126 The clinical features are therefore predominantly
those of hypoxemia with varying degrees of hypercarbia.
Superimposed lactic acidosis represents circulatory
failure. Sudden death from asphyxia of primary pulmonary
etiology is traced to acute cardiogenic pulmonary edema,
aspiration, near-drowning, inhalation of toxic fumes, and
rare cases of fulminating hemorrhagic pneumonitis,
including viral causes. The key is to prevent critical
decreases in arterial oxygen saturation.127

Pulmonary failure alone, without reduced blood flow,
causes brain damage or cardiac arrest only when arterial
PO2 falls to 
25 mm Hg or less. Severe hypoxemia,
however, usually compromises cardiac output and periph-
eral circulation. When combined with acute circulatory
failure and shock, even moderate hypoxemia may damage
the brain. In the absence of circulatory failure, hypoxemia
is associated with stupor and coma only when the arterial
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PO2 has decreased to 
30 mm Hg. In patients with a low-
flow state, however, unconsciousness may occur when
arterial PO2 declines to between 40 and 60 mm Hg. The
brain suffers irreversible damage only when cerebral blood
flow is reduced to 
20% of normal in the presence of
normal levels of oxygen. The mixed cerebral venous PO2

values are then 20 mm Hg or less.128

Clinicians should consider any patient with pulmonary
failure at risk of asphyxia and cardiac arrest. Progression to
asphyxia can often be prevented with respiratory manage-
ment if decompensation is recognized early. Patients with
rapidly progressing, potentially reversible pulmonary con-
solidation, as in fulminant pneumonia, would best have
arterial PO2 maintained above 60 mm Hg. If standard ven-
tilatory techniques cannot maintain adequate oxygena-
tion, extracorporeal circulation (ECMO) has been of value
for pediatric patients, especially if instituted early, but ulti-
mate benefit has not been proven for adults.129,130

Acute exacerbations of chronic obstructive pulmonary
disease (COPD) may progress to asphyxia.122 Oxygen should
not be withheld in these settings. Spontaneous hypoventila-
tion in patients with so-called oxygen-dependent ventila-
tory drive usually occurs only after an acute event. In
patients with longstanding hypercarbia, the brain bicarbon-
ate is greatly increased. Rapid reduction of arterial PCO2 per
se is a cause of coma and convulsions131 presumably due to
cerebral alkalosis and consequent cerebral vasospasm,132

CO2 but no bicarbonate crosses the blood–brain barrier
rapidly.

Acute asthma

Bronchial asthma, chronic bronchitis, and emphysema
represent the triad of clinical COPDs.122 Asthma affects
approximately 5% of the United States population. Its
prevalence, morbidity, and mortality have been increasing
for unclear reasons.133,134 In 1990 it was estimated that 1.8
million persons with asthma visited emergency depart-
ments for treatment of acute exacerbations of their
disease. The general management of asthma is outside the
scope of this chapter except for acute and severe episodes
representing the so-called “asthmatic crises” and asphyxial
cardiac arrest.

Pathophysiology

Asthma is an inflammatory condition. The “hyperreactive
lungs” of chronic asthma remain poorly understood,
although recent focus on immune derangements promises

better insight into mechanisms and improved prevention.
The disease is chronic, with episodic exacerbations of
bronchial obstruction by thick mucus, bronchial spasm,
mucosal edema, and mucosal congestion secondary to
variable combinations of allergic, environmental, emo-
tional, and infectious factors.122 During acute exacerba-
tion, diffuse obstruction of small airways is complicated by
dehydration, mucous plugging, exhaustion, arrhythmias,
and resistance to sympathomimetic bronchodilators. The
morphologic changes seen in patients who died in status
asthmaticus include widespread mucous plugging of
bronchi and bronchioles, abundance and hypertrophy of
goblet cells, infiltration and bronchial exudates with
eosinophilic leukocytes, thickening of bronchial muscula-
ture, and sometimes interstitial fibrosis.

Clinical presentation

The majority of asthma-related deaths occur outside the
hospital and the terminal event is not always understood.
A study of near-fatal exacerbations, however, has estab-
lished that asphyxia, rather than cardiac arrhythmias, is
the fatal complication. Therefore undertreatment rather
than overtreatment is implicated in most near-fatal or fatal
exacerbations.135–139

Fatal events have onsets with little warning, and advance
to asphyxiation over less than 1 hour. Patients should be
prepared to treat themselves first and then only with the
help of bystanders. Patients at risk for asthma-related
sudden death usually have had a history of multiple emer-
gency department visits, intermittent hospitalizations,
and even prior intubations and may have recently with-
drawn from corticosteroid therapy, changed locales, or had
psychological trauma. Appropriate maintenance therapy
with inhaled corticosteroids has allowed more patients to
remain crisis-free. This includes especially patients previ-
ously treated with oral theophylline or with systemic corti-
costeroid therapy administered orally. It has allowed lesser
use of inhaled �-adrenergic agonists and therefore fewer
adverse cardiovascular effects.139,140

Patients may have a reduced chemosensitivity to
hypoxia and blunted perception of the onset of dyspnea.141

In cases of sudden onset of fatal asthma, pathologic
examination sometimes showed more neutrophils than
eosinophils in the airway submucosa,137,139,141,142 suggest-
ing that a mechanism in addition to allergy, including
infection or inflammation, was responsible. Patients with a
history of sudden asthmatic crises would best be advised
to wear an alert bracelet, and to carry a written treatment
plan and injectable epinephrine.137
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At the onset of an asthmatic crisis, patients are likely to
be sitting upright, manifest respiratory distress, and be
unable to speak except for a few and often unintelligible
words. Tachycardia, pulsus paradoxus, diaphoresis, and
overt breathing with accessory muscles will be apparent.
The absence of these signs, however, does not rule out the
existence of major airflow limitations. In less severely dis-
tressed patients, the severity of asthma is best quantified
with measurements of forced expiratory volume in 1
second, and/or by the maximal expiratory flow rate
(MEFR).

Hypoxemia typically precedes hypercarbia. Patients
are likely to be resistant to catecholamine. Progressive
dyspnea with diffuse wheezing over the lung fields is fol-
lowed by altered mental status. Aggressive treatment
should be instituted before hypercarbia progresses.
Mortality is increased if tension pneumothorax or ventric-
ular arrhythmias supervene.133

Management of acute severe asthmatic crisis

Prompt intubation and mechanical ventilation should be
instituted. In the still conscious patient, a severe, life-
threatening broncho-constriction will be identified if the
MEFR declines to 25% or less of the predicted value.

Pharmacologic management142–152

Oxygen
Maximal inspired O2 concentrations are recommended to
achieve a PaO2 of 90 mm Hg or greater. High-flow oxygen
by mask with high humidity precedes rapid sequence
endotracheal intubation.

�-Agonists
(a) Nebulization of a �-adrenergic agonist, preferably with
selective �2 actions, such as albuterol, for inhalation, is a
mainstay of initial therapy. Escalating doses of albuterol
are advised with 5.0 mg/70-kg increments at 15- to 20-
minute intervals or continuous inhalation in amounts of
15 mg/hour144,145 with an upper limit of 30 mg/hour. Larger
doses can exacerbate tachycardia and may provoke VT and
VF.146 Achieving adequate oxygenation takes precedence.
Intravenous administration of a �2-agonist may not be
more effective or less adverse than inhaled drugs with
respect to their cardiotoxic actions.147,148

(b) Isoproterenol by titrated intravenous infusion has
been used, beginning with 0.1 �g/kg/minute and increas-
ing doses up to a maximum of 6.0 �g/kg/minute until arte-
rial PCO2 is reduced to 50 mm Hg or less. This intervention

poses the risk of greater tachycardia and potentially fatal
ventricular arrhythmias, however.147

(c) The “final” rescue drug is epinephrine by intravenous
infusion or injection, but not without risk. Experimentally,
epinephrine may increase mortality.149 The adult intra-
venous infusion dose is 2 to 10 ml of 1:10 000 administered
over an interval of 5 minutes, which may be repeated
contingent on response. A continuous infusion of 1 to
20 �g/minute may produce bronchodilation but careful
monitoring of the electrocardiogram and blood pressure is
important.

Corticosteroids
Corticosteroids reduce the inflammatory mechanisms
that accompany acute asthma. Corticosteroid drugs are
administered intravenously and may be combined with
adrenergic agonists and with increases in inspired oxygen.
Methylprednisolone, 2 mg/kg/6 hour, or hydrocortisone,
10 mg/kg/6 hour, are alternatives.

Aminophylline
The use of intravenous aminophylline is no longer routine.
Although it may enhance bronchodilation, its adverse
effects are significant, including hypotension and cardiac
arrhythmias.

Buffer agents
The routine use of buffer agents to reverse acidemia is con-
troversial.150 Accordingly, normalization of arterial pH with
intravenous NaHCo3

151 is of potential but unproven value
as an addition to bronchodilation treatment, presumably
due to restoring the bronchodilator effects of adrenergic
amines. Tris buffer (THAM)152 has been proposed as a more
rational choice, because it is not a CO2 donor like NaHCo3,
but it is also not of proven benefit.

Anticholinergic therapy
This is another option. Nebulized ipratropium bromide
may be administered in doses of 0.5 mg/70 kg, and mixed
with �-agonist.150,151

Magnesium sulfate
Magnesium sulfate has been administered intravenously,
but without clear proof of effectiveness, in doses of 2 to
3 g/70 kg, at a rate of 1 g/minute, in conjunction with
aggressive �-agonist therapy.153–155 Excess doses result in
hypotension.

Intravenous hydration
This is a priority. Patients are typically dehydrated because
of insensible fluid losses. Bronchial mucus is inspissated.
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Mechanical ventilation
Mechanical ventilation with 100% oxygen and appropriate
prolongation of expiration with the option of pressure and
flow assist ventilation is a mainstay of management of
potentially fatal bronchoconstriction.156–158

Intratracheal artificial ventilation in status asthmaticus

Stupor, coma, and apnea are absolute indications for
immediate start of artificial ventilation. Awake intubation
after topical anesthesia and intravenous sedation, is pre-
ceded by oxygenation by mask. The patient is best
managed under light anesthesia and short acting neuro-
muscular blockade, preferably by an experienced anesthe-
siologist.156,157 The almost inevitable “auto-PEEP” is
indicative of air trapping and is best managed by main-
taining PEEP levels during ventilation that compensate.
Typically, there is major benefit when ventilation is
adjusted to prolong exhalation, i.e., expiratory retard.
Clinical examination, and, specifically lung auscultation,
guides adjustments that minimize wheezes, but maintain
gas exchange. Complete plugging of bronchi with mucus,
however, may account for the absence of wheezes, requir-
ing confirmation that reduced wheezes are accompanied
by better gas exchange. Once the patient is intubated and
mechanically ventilated, elective hypoventilation may be
the only option with which to maintain oxygenation and
acceptable inspiratory airway pressure.158 This results in
permissive hypercarbia. Although this may lead to rela-
tively high arterial Pco2 values, there is evidence that it may
decrease mortality, but the objective data are not secure,
especially in children.159 Initial ventilator settings may be
as follows: FIO2, 100%; low tidal volumes of 5 to 10 ml/kg,
ventilation rate of 10/minute or less to minimize air trap-
ping, PEEP exceeding the measured auto-PEEP, initial
inspiratory:expiratory ratio between 1:2 and 1:3, minimize
exchange peak inspiratory pressure, and barotraumas. At
the time of this writing, the use of high frequency oscilla-
tory ventilation is an option, but without proof of improved
survival, including that of newborns.160

Volatile anesthetic agents such as halothane, isoflurane,
and enflurane, which relax bronchial smooth muscle, have
been employed during status asthmaticus unresponsive to
initial treatment.161–164 Nonetheless, technical restraints in
delivering these agents in emergency settings to partially
“closed” lungs are recognized. The vasodilators and
myocardial depressant effects of fluorocarbon anesthetics
may be adverse.

Intravenous ketamine, in titrated doses, has proven
useful for sedation or anesthesia without adverse effects
on circulation and with some evidence that it has bron-

chodilation actions.165–167 It may also have a cerebral pro-
tective effect.

During mechanical ventilation when intrathoracic pres-
sure is increased, alveolar distension may lead to deterio-
ration of cardiovascular function and increased risk of
barotrauma, including pneumothorax. “Lung massage”
has been used for 10 minutes in children with severe
asthma undergoing mechanical ventilation. Peak airway
pressures decreased and arterial PCO2 and pH improved.
Chest message is applied just after the end of inflation. One
operator applies a sustained, firm, bilateral squeeze to the
lower chest wall, until the start of the next inflation. There
is as yet no proof of survival benefit, however, and it must
be regarded as experimental.168

If cardiac arrest occurs, the prognosis is very poor.
Bilateral tube thoracostomy should be performed simulta-
neously with other resuscitative measures (Fig. 55.6),
because unrecognized pneumothorax may contribute to
the deterioration.169 There is no time for confirmation with
chest radiography prior to placement of the chest tube.
External CPR may be performed after chest tubes are in
place. Femorofemoral CPB has been used anecdotally for
emergency resuscitation of patients in status asthmaticus,
but there is no persuasive proof of better outcomes.

Preload, representing the venous return, may be reduced
by the high intrathoracic pressures. Peripherally admin-
istered medications may therefore fail to reach the central
circulation. Early use of intravascular catheters to
monitor blood pressure may aid in differentiating true
cardiac arrest from profound hypotension associated with
decreased preload.

Pulmonary edema

Pulmonary edema progressing to asphyxia is an extreme
form of pulmonary failure. Alveolar spaces are flooded
with fluid.122,170–175 Under normal physiologic conditions, a
dynamic equilibrium was described by Starling in his law
of capillary–interstitial fluid exchange.172 The net fluid
movement is a function of membrane integrity; capillary,
interstitial, and alveolar pressures; plasma and interstitial
oncotic pressures; and lymphatic drainage. The net forces
change as blood moves through the capillary, and at the
venular end of the capillaries, fluid transudes back into the
vascular space. Remaining fluid is normally removed via
the pulmonary lymphatics.174

If the normal forces of fluid movement become deranged
by disease, fluid may accumulate in interstitial and alveolar
spaces. When interstitial fluid exceeds the capacity of
the lymphatic system, it spills into the alveoli, resulting in
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pulmonary edema.175 Alveolar fluid is a barrier to gas
exchange. Pulmonary capillary blood then passes through
unventilated alveoli, such as to produce pulmonary arterio-
venous shunting with hypoxemia and asphyxia.

Any process that alters the osmotic or hydrostatic forces
that maintain alveolar-capillary equilibrium may cause
pulmonary edema. Increased pulmonary capillary back
pressure is most often due to myocardial failure. Decreased
plasma oncotic pressure may follow hepatic disease, or
extreme losses of plasma albumin as occurs in protein-
losing enteropathies.

There are important non-cardiogenic types of pul-
monary edemas that may progress to asphyxia. The most
common is capillary–alveolar membrane leakage175

caused by toxic, chemical, bacterial, viral, thermal, or other
insults, presenting as ARDS124,173 with “progressive pul-
monary infiltration”.125 When ARDS progresses to cardiac
arrest, it is refractory to therapy, because it usually cannot
overcome the block to oxygenation caused by the underly-
ing disease state. Non-cardiac pulmonary edema is also
caused by membrane damage due to street drugs and
especially cocaine. Loss of interstitial negative pressure
may be due to pneumothorax, infection, or carcinoma
involving pulmonary lymphatics, fibrotic and inflamma-
tory states, or high altitude.173

Pulmonary edema should be treated before it progresses
to asphyxia and cardiac arrest. During spontaneous circu-
lation, acute pulmonary edema is treated by administration
of 100% oxygen delivered with positive pressure.122,176

The simplest emergency treatment includes spontaneous
breathing of 100% oxygen by continuous positive airway
pressure, utilizing a mouthpiece or mask.177–180 If the
patient is stuporous or comatose, or has an arterial PO2 of

60 mm Hg, or if the arterial PCO2 increases despite
therapy, endotracheal intubation, sedation, paralysis, and
100% oxygen with positive pressure are indicated.122

Ventilation may be facilitated by administration of a muscle
relaxant, but this may delay recovery of spontaneous
breathing. Increased airway pressure raises the arterial PO2

by increasing functional residual capacity through recruit-
ment of fluid-filled alveoli with displacement of edema
fluid. After oxygenation, fluid should be removed for man-
agement of underlying cause.175 In left-sided heart failure,
standard oxygenation may be combined with administra-
tion of morphine, a diuretic, and under extreme conditions,
phlebotomy. When pulmonary edema has progressed to
asphyxial cardiac arrest, the likelihood of ROSC is remote.

Tension pneumothorax

Venting the pleural space, either through the chest wall or
through the lung, results in pneumothorax. The cause may
be trauma or disease with destruction of lung tissue.181–184

When the opening is large enough, pressure in one pleural

982 P. Safar et al.

Suction

I
Drained fluid

II
One-way valve

III
Suction pressure

regulator

Fig. 55.6. Technique of pleural drainage. The appropriate size

chest tube is inserted through a stab incision in the skin and into

the pleural cavity, with the open technique (blunt Kelly clamp

pierced through the intercostal space and prised open for tube

insertion) or the closed technique (using a trocar). The latter

technique requires greater skill to avoid complications. One

lateral-to-posterior chest tube, with multiple holes, is usually

sufficient. The tube is connected to the bottle system consisting of

bottle 1 for collection of fluids; bottle 2, a one-way valve; and

bottle 3 to keep a constant controllable negative pressure. For

transportation a one-way valve instead of the three-bottle system

is used. In hospitals the three-bottle system may be replaced by a

chest suction device (e.g., Pleurevac) provided it permits control

of negative pressure and high flow rate. (From Safar P, Bircher N.

Cardiopulmonary cerebral resuscitation. 3rd ed. World Federation

of Societies of Anaesthesiologists. London, WB Saunders, 1988.)



space is increased throughout the respiratory cycle and the
ipsilateral lung is compressed. Previously healthy patients
then manifest hypoxemia because 40% to 50% of blood
flow is shunted through non-ventilated alveoli. If the
opening to the pleural space operates as a one-way valve,
it causes a tension pneumothorax. Breathing, positive-
pressure ventilation, or coughing may further increase the
pressure of free gas in the pleural space. Alveoli may
rupture, admitting air into the pulmonary interstitial
spaces, and thereby producing mediastinal and subcuta-
neous emphysema. Tension pneumothorax may preclude
venous return and therefore preload. Mediastinal shift
further impairs venous return. Tension pneumothorax
therefore progresses to cardiac arrest by a combination of
impaired pulmonary and circulatory mechanisms. The
initial event is asphyxial, with impaired delivery of oxy-
genated blood to the left side of the heart. Subsequently,
reduced cardiac filling accounts for decreased cardiac
output. Ultimately, circulatory arrest is due to the com-
bined effects of hypoxemia, compression atelectasis,
compression of the contralateral lung, and elevated
intrathoracic pressures that impede venous return.
Compression of major vessels and airways and mediastinal
emphysema may contribute to the severity of the insult.

Predisposing causes of tension pneumothorax include
lung disease, positive-pressure ventilation, and coughing
in the presence of valve-like bronchial obstruction, during
asthma and in patients with COPD. Patients with connec-
tive tissue disorders, and especially Marfan’s syndrome, are
at increased risk of pneumothorax as are women with
endometriosis.186,187

Tension pneumothorax should be suspected when a
patient presents with sudden onset of chest discomfort or
shortness of breath, especially if predisposing factors are
present and are identified. The diagnosis may be made pre-
sumptively by diminished or absent breath sounds with
hyper-resonance to percussion in one lung, progressive
difficulty in ventilation, subcutaneous emphysema, medi-
astinal and/or tracheal shift. Progressive abdominal dis-
tension may accompany tension pneumothorax when
pleural gas under pressure breaks through serosal mem-
branes at the openings in the diaphragm.2

Confirmation by chest roentgenogram is not required in
life-threatening settings. A high index of suspicion is
needed to diagnose this condition before the hemody-
namic crisis occurs.

Needle puncture serves only for confirmation; it is insuf-
ficient for relief of gas build-up and has a high false-negative
rate.185 Rapid transformation of the closed pneumothorax
into an open pneumothorax is imperative. Thoracostomy
with use of a large-bore tube or an intercostal incision to

vent the pleural space may be life-saving. Confirmation that
the thoracostomy tubes are in the pleural space is made by
observation of the characteristic misting with ventilation
and subsequent chest radiography. When cardiovascular
collapse appears imminent, thoracostomy should proceed
without a chest tube tray.185

When pulselessness develops, bilateral venting of the
pleural space, ventilation, and chest compressions may
still restore spontaneous circulation. Open-chest CPR is a
final option.

Thromboembolism

Acute pulmonary thromboembolism is among the most
common causes of death among old and chronically ill
patients.188,189 It may, however, also occur in persons of
seemingly good health. The large list of risk factors
includes chronic diseases, especially carcinoma; immobi-
lization, especially in fracture casts; recent surgery;
obesity; tobacco abuse; and pregnancy. Deep venous
thromboses, predominantly in the veins of the pelvis or a
lower extremity, embolize to the pulmonary artery and
peripheral pulmonary arteries, impeding pulmonary
blood flow.190 The initial presentation may be circulatory
shock or cardiac arrest. Plain chest films in most cases are
not helpful but may suggest decreased pulmonary vascu-
larity. If the patient’s clinical status permits, a lung scan
and arterial blood gas are useful because a normal scan
and normal arterial PO2 virtually rule out significant
embolization. If the lung scan is positive and time permits,
axial tomography or a pulmonary angiogram confirms the
diagnosis.191,192 The pathogenesis, diagnosis, and manage-
ment of pulmonary thromboembolism in patients with
spontaneous circulation are reviewed elsewhere. The focus
of this chapter is on the moribund patient who presents in
circulatory shock or cardiac arrest.

The mechanism by which pulmonary thrombo-
embolism progresses to cardiac arrest is a combination of
obstructive shock with a low cardiac output together
with asphyxia. Acute pulmonary embolism increases not
only the physiologic dead space but also right-to-left
shunting.189

The hypoxemia and a high alveolar–arterial PO2 gradient
are traced to ventilation–perfusion disturbances, includ-
ing patchy bronchoconstriction and hyperemia, and even
scattered pulmonary edema. The severity is contingent on
the proportion of the total cross-sectional area of the pul-
monary arterial tree that is deprived of blood flow. In
patients with previously healthy lungs and heart, more
than 30% of the vascular tree is obstructed prior to onset of
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shock. In patients with cardiopulmonary disease a smaller
proportion of the pulmonary vasculature that is suddenly
blocked may produce shock and subsequent cardiac
arrest.193 The thrombus in the pulmonary vascular bed has
additional local and systemic effects. The primary treat-
ment, however, is to relieve intravascular mechanical
obstructions. In the previously fit person with occlusion of
one pulmonary artery, bronchial circulation may allow the
lung to survive.

A single embolus or multiple small emboli that occlude
approximately 50% of the pulmonary vascular bed result
in arterial hypotension, tachycardia, pulmonary artery
hypertension, and bronchospasm. Prompt anticoagula-
tion and thrombolysis are indicated. More conservative
management of the patient with acute pulmonary
thromboembolism for whom thrombolysis or mechanical
relief is delayed can support vital functions until sponta-
neous thrombolysis and recanalization of obstructed
vessels occurs, at the same time preventing recurrent
embolization with anticoagulation.194–197 Heparinization
prevents secondary thrombus formation.198

Diagnosis of pulmonary embolism as the cause of
cardiac arrest is difficult. If PaO2 remains markedly
reduced when the patient is ventilated with 100% oxygen,
and in the absence of gross signs of pulmonary edema, the
presumptive diagnosis of pulmonary embolism is sup-
ported. ALS is usually ineffective. A central aortic catheter
helps to provide better definition of the hemodynamic
state199 and identifies “pseudo-PEA.”

Previously healthy patients presenting with probable
pulmonary embolism and cardiac arrest represent a
special subgroup of patients who may benefit from open-
chest CPR or CPB.200 The decision that standard therapy
may not be effective must be made early, while a good
outcome remains possible. If open-chest CPR is per-
formed, the pulmonary artery should be identified and
massaged to break up the thrombus and allow it to move
peripherally. If emergency CPB is performed, thoracotomy
and embolectomy are appropriate interventions.

Amniotic fluid embolism

Amniotic fluid embolism is an uncommon but tragic cause
of sudden death in that two persons, both potentially
healthy, may die. It occurs in approximately 1 in 80 000
deliveries.201,202 Multiparous women are at increased risk,
as are those undergoing uterine manipulation. Amniotic
fluid embolism causes a distinct pathophysiologic res-
ponse, indicating that amniotic fluid itself or secondary
mediators are biologically active. The pulmonary vascular

bed constricts, and at least in part explains progression to
cor pulmonale. Oxygen delivery is impaired due to hypox-
emia and decreased cardiac output in part as a result of
septal shift associated with expansion of right ventricular
volume and pressure. Consumptive coagulopathy with
hypofibrinogenemia accounts for disseminated intravas-
cular coagulation (DIC).

Amniotic fluid embolism should be suspected when
sudden pulmonary or cardiovascular compromise occurs
in patients with placenta accreta, cesarean delivery,
uterine rupture, retention of the products of conception, or
premature separation of the placenta.203 Sudden collapse
with signs of shock is accompanied by dyspnea and
cyanosis. More frequently, the event occurs during labor
and delivery. Early detection by continuous pulse oximetry
has been demonstrated.204 Therapy includes aggressive
respiratory support with 100% oxygen and possibly the
addition of pulmonary vasodilator drugs. Aggressive
therapy of DIC is recommended.

Management of cardiac arrest is similar to that of pul-
monary thromboembolism with the exception that
massage of the pulmonary outflow tract is not advised.
Early initiation of CPB may be life-saving.205

Anaphylaxis

Anaphylaxis is an acute, severe, life-threatening hyper-
sensitivity reaction that may progress to asphyxia and
cardiac arrest. Antibodies, principally immunoglobulin E
(IgE), that were formed in response to a previous expo-
sure to an antigen, trigger a potentially lethal series of
immunologic cascades on re-exposure. Although a very
large number of antigens may cause anaphylaxis in sensi-
tized individuals, the most common inciting antigens are
�-lactam antibiotics, iodinated contrast media, and
Hymenoptera stings.206 In many cases the etiologic agent
may be unclear.

Anaphylaxis is a complex event. The antigen–antibody
complex is absorbed by mast cells and basophils.
Calcium-dependent degranulation results in the release of
bioactive substances. Primary mediators include hista-
mine, serotonin, bradykinin, the slow-reacting substance
of anaphylaxis (SRS, now known to be leukotrienes C, D,
and E4); the eosinophilic chemotactic factor of anaphy-
laxis, prostaglandins and leukotrienes, metabolites of
arachidonic acid (via the cyclooxygenase and lipoxyge-
nase pathways, respectively); and platelet-activating
factor. Secondary mediators include complement and the
products of polymorphonuclear leukocytes (prostaglan-
dins [PGs], leukotrienes [LTs], fibrinolysin, plasminogen,
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elastase); platelets (PGs, LTs, Hageman factor activators,
lysosomal enzymes, and serotonin), and eosinophils
(collagenase, histaminase, phospholipase D, arylsulfatase
D).207 Most likely, additional mediators will be identified as
assays become available.

Anaphylaxis blocks delivery of oxygen in multiple ways.
Many of the bioactive substances are smooth muscle and
membrane modulators, and their most significant target
organs are the airways, lungs, and cardiovascular systems.
Pharyngeal and laryngeal edema, bronchospasm, edema
of the bronchial mucosa, and vasodilation occur early.
Asphyxia is due to upper and lower airway obstructions.
Shock develops through a combination of decreased vas-
cular tone and increased capillary permeability. Evidence
suggests that the chemical mediators of anaphylaxis may
also decrease myocardial function and, together with
hypoxemia, exacerbate circulatory shock and cardiac
arrest.208,209 As in all the asphyxial syndromes, aggressive
management to prevent progression to cardiac arrest
includes airway control, oxygenation, and ventilation.
Angioedema and laryngospasm may make orotracheal
intubation difficult. Early consideration should be given to
transtracheal ventilation or cricothyroidotomy. Early treat-
ment includes relief of bronchospasm.

Epinephrine is life-saving for the treatment of ana-
phylaxis.210 Patients known to be at risk should carry
an epinephrine auto injector with them and be trained
in its use. Epinephrine increases cyclic adenosine mono-
phosphate (cAMP) levels in mast cells and provides
inotropic, chronotropic, and pressor support as well as
bronchodilation. Anaphylactic shock is treated with
intravenous, sublingual, intratracheal, or subcutaneous
administration of epinephrine. Intravenous epinephrine
is best titrated in 0.1-mg increments. Patients who
have received �-blocking drugs may require large doses
of epinephrine.

Blood pressure should be closely monitored with an
indwelling arterial catheter. Because severe anaphylaxis is
associated with hypovolemia,211,212 fluid challenge is indi-
cated. A corticosteroid may be administered, although its
beneficial effect is not immediate. Antihistamines are
administered for prophylaxis but are of limited value
during resuscitation. In specific situations, antivenoms
may be indicated.

Management of anaphylactic shock

Management includes considerations of support for venti-
lation, circulation, and mitigation of the immunologic
response.

Ventilation

1. 100% oxygen by spontaneous breathing or IPPV-CPPV
by mask.

2. Endotracheal intubation, transtracheal ventilation,
cricothyroidotomy, and IPPV-CPPV.

3. �-Adrenergic agonist, for example, aerosolized albuterol,
0.5 ml in 3 ml saline.

4. Consider neuromuscular blockade (e.g., vecuronium,
pancuronium).

5. Consider helium/O2.
6. Consider general anesthesia (especially intravenous

ketamine).

Circulation

1. Crystalloid guided by central venous pressure (fluid
challenge).

2. Epinephrine, 5 mg/500 ml ISS, by titrated intravenous
infusion. Maintain mean arterial pressure (MAP) at
90 mm Hg or above.

Immunologic support

1. Epinephrine (see above).
2. Antihistamines (diphenhydramine, 50 mg/70 kg); con-

sider cimetidine.
3. Corticosteroid (methylprednisolone, 120 mg/70 kg).
4. Specific antivenom!
A syndrome that combines hypoxemia and hypotension
places the patient at high risk for cardiac arrest. Once the
pulse is lost, injury to vital organs will occur rapidly. As in
all asphyxial syndromes, prevention of cardiac arrest is the
primary treatment.213,214

Carbon monoxide poisoning

Carbon monoxide (CO) impairs oxygen transport. CO is a
colorless, odorless gas that causes more poisoning deaths
in the United States than any other single agent.215 CO has
a high affinity for hemoglobin, reversibly displacing oxygen
to create carboxyhemoglobin (COHb). Hemoglobin binds
carbon monoxide about 200 to 300 times more readily than
it binds oxygen. The COHb produced is subsequently not
available for oxygen transport. This creates a form of
anemic hypoxia without a decrease in plasma hemoglo-
bin.216 CO toxicity is a more complex process than previ-
ously believed. Classically, COHb interferes with O2

transport. It may also be a cellular poison, interfering with
cytochrome function.217
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CO poisoning does not alter PaO2 even though available
oxygen is reduced. If as little as 0.2% CO is inhaled, COHb
will form at a rate of 1.1%/min. If the patient is doing heavy
work, the rate will increase to 2.4%/min, and within about
45 minutes CO will saturate 76% of the hemoglobin.
Conscious dogs inhaling 1% CO reach 80% CO hemoglobin
saturation rapidly followed by sudden death. There is no
increase in respiratory drive since the peripheral chemore-
ceptors sense no decrease in PaO2.

Most persons who die in fires are asphyxiated. CO intox-
ication or the effects of other toxic gases are more lethal
than decreases in O2 or increases in CO2. A key to the early
diagnosis is knowledge of the circumstances of intoxica-
tion, such as combustion in closed spaces or multiple ill
persons within the same family.218,219

CO intoxication may manifest itself by headache and
variable impairment in mental status and neurologic func-
tion. Eventually there is loss of consciousness, followed by
hypotension, convulsions, apnea, and cardiac arrest in
asystole. IPPV with 100% oxygen delays progression and
promotes spontaneous breathing. Permanent cerebral
impairment persists even though there is relatively prompt
return of spontaneous circulation. Irreversible cerebral
damage may occur even in the absence of cardiac arrest.220

The initial therapy is to remove the patient from the
source of CO. The serum elimination time for COHb is
inversely related to the serum partial pressure of oxygen.218

Administration of 100% oxygen is the primary therapy.
Patients with CO poisoning who develop cardiac arrest have
a very poor prognosis. Simply intubating these patients and
ventilating them with 100% oxygen may not restore an ade-
quate oxygen delivery for favorable neurologic outcomes.

Resuscitation in a hyperbaric chamber has proven effec-
tive. Even though the logistics of using such a chamber are
daunting, it is the best option.221

Cyanide poisoning

Cyanide is the classic cellular asphyxiant; it interrupts the
function of oxidative phosphorylation at the mitochond-
rial level by binding to the ferric (Fe3�) component of
cytochrome oxidase. Cells are unable to utilize oxygen as
the final electron acceptor, and anaerobic glycolysis
results. This is reflected in the early signs of organ dysfunc-
tion and increased serum lactate.

Because the block to respiration is at the cellular level,
arterial hypoxemia and hypercarbia, the sine qua non of
classic asphyxia, will not be present, at least initially.
Cyanide asphyxiation presents challenges that are similar
to those of CO intoxication. Once cardiac arrest has

occurred, the prognosis is bleak. In laboratory studies,
amyl nitrite and sodium thiosulfate have not been effective
after onset of cardiac arrest.222,223 The only present option
is to prevent progression to arrest.

Conclusions and recommendations

Asphyxial cardiac arrest may be sudden, but it is not imme-
diate. Whatever the cause, the progression from inciting
etiology through shock to cardiac arrest provides an oppor-
tunity for effective resuscitation before pulselessness sets
in. Airway control and artificial ventilation alone are likely to
reverse asphyxiation. After cardiac arrest has occurred,
return of spontaneous circulation can often be achieved by
conventional ALS. Unfortunately, cerebral recovery is less
likely after asphyxial cardiac arrest than after primary
cardiac arrest due to VF of the same duration. Of the two
components in asphyxiation, hypercarbia may cause tran-
sient coma and acidosis but is totally reversible, whereas
hypoxia–anoxia can cause permanent unresuscitatable
damage, particularly to the brain.
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Incidence and current outcomes of post-traumatic
cardiopulmonary arrest

Traumatic injury is the leading cause of death among adults
under 44 years of age,1 and it is a worldwide problem. In the
year 2000, road traffic injuries were the ninth leading cause
of death in the world and this toll is predicted to increase
significantly in the next 15 years as road traffic injuries
increase in underdeveloped countries.2 Because traumatic
injury has a predilection for the young, it is a major cause of
productive life-years lost and it is predicted that by the year
2020, traumatic injury will match or surpass infectious dis-
eases as the leading cause of productive life-years lost
world-wide.3,4 The greatest opportunity to save lives is to
improve early care since the majority of traumatic deaths
occur within the first few hours after injury.

In the United States as many as 34% of all trauma deaths
occur pre-hospital and two major mechanisms predomi-
nate as the cause of early death: blood loss and injury to the
central nervous system (CNS).5–7 In a study by Sauaia et al.
in 1995,5 43% of the overall deaths were due to injury to the
central nervous system (CNS), 39% were relegated to
exsanguination, and 7% died from multiorgan failure.
More recent studies have indicated that the mortality of
post-traumatic multi-organ failure is decreasing as a result
of improvements in ICU care and now multi-organ failure
may account for less than 4% of all traumatic deaths.8

Multiorgan failure occurs several days after injury while
the majority of both CNS and hemorrhage deaths occur
within the first 2 hours of injury.5,9 In the study by Sauaia

et al,5 exanguination was the most common cause of death
among those found dead at the scene and it was the most
frequent cause of early hospital deaths. Interventions that
may improve early survival include resuscitation after car-
diopulmonary arrest (CPR) and therapies aimed at pre-
venting imminent arrest. To date, the results with CPR after
trauma (TCPR) have not been encouraging.

Survival rates of pre-hospital closed-chest cardiopul-
monary resuscitation after trauma (TCPR) are quite low.10

Despite an early encouraging report to the contrary by
Copass et al.11 which demonstrated 23% survival in pre-
hospital TCPR, numerous subsequent studies have found
dismal results with survival rates varying between 0 and
2.6%.10,12–18 The reason for this discrepancy is not clear,
although the study by Copass et al.11 had a very high preva-
lence of penetrating injury in the group of survivors. The
group of surviving patients included 60% with penetrat-
ing injuries and 40% with blunt injuries, while the non-
surviving group included 95% with blunt injury and 5%
with penetrating injuries. A more favorable outcome of
TCPR in patients with penetrating injuries has been seen in
some17 but not all subsequent studies.12,14,16 There is one
subgroup of patients with penetrating injury that may have
a clear survival advantage in TCPR, however; that is,
patients with isolated penetrating injury to the thorax who
can be rapidly transported to the trauma center to receive
open-chest CPR and injury repair.10 More favorable
outcome might also be expected in patients with special
conditions such as victims of drowning and lightning
strike, victims with significant hypothermia, and patients
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in whom the mechanism of injury does not correlate with
the clinical condition suggesting a non-traumatic cause of
the arrest. The paper by Copass et al.11 made mention of
another special circumstance, the patient with an isolated
head injury who is apneic. They proposed that “successful
establishment of an endotracheal tube may be lifesaving”
in this circumstance. With the increasing frequency of
explosive injuries it might be argued that blast-induced
apnea19–22 warrants the same special consideration.

The dire results with TCPR have led several groups to
evaluate the risks versus benefits of pre-hospital TCPR. In
these considerations the risk-benefit analysis is somewhat
unusual, because often the risk evaluated is to the provider
while the potential benefit is to the victim. One example of
such an evaluation is the consideration of medical care on
the battlefield. In a tactical situation when the health care
providers are under real risk of receiving fire, the danger to
the health care provider administering CPR is quite sub-
stantial, and the resources diverted to that likely futile
effort might endanger both the security of the team and the
ability to provide care to other more salvageable casualties.
Under such conditions TCPR is not advised.23,24 In a peace-
time civilian setting the risks to the provider are certainly
lower but they may nonetheless be substantial. Recently
the National Association of EMS Physicians and the
American College of Surgeons Committee on Trauma
(NAEMSP/ACSCOTS) have published a position statement
proposing guidelines for withholding or terminating resus-
citation in prehospital TCPR.10 In this paper they consider
the inherent costs and risks to the community and health-
care providers: (1) “trauma resuscitation consumes signif-
icant amounts of ED, operating room, and intensive care
unit resources,” (2) “there is significant risk for EMS crews
and the public associated with emergency transport” and
(3) “the chaotic environment of trauma resuscitations may
pose a heightened risk of blood-borne pathogen exposure
to the involved health care workers.” On the basis of these
considerations the committee listed specific clinical situa-
tions where they believed the likelihood of success is so low
that CPR should not be recommended. The debate over
these issues is ongoing and recently Pickens et al.25 have
evaluated the guidelines of NAEMO/ACSCOT and con-
cluded that the required clinical assessments could not be
obtained reliably in prehospital urban settings. In that
study, which had an overall survival to discharge of 7.6%,
they concluded that the NAEMO/ACSCOT guidelines
might not be applicable to urban systems with rapid trans-
port to a Level 1 Trauma Center. In addition to the consid-
eration that rapid transport to a trauma center may
provide improved clinical assessment, rapid transport may
also provide the opportunity to have the patient arrive at a

Level 1 trauma center before 15 minutes of CPR have
elapsed. Both animal26 and clinical studies indicate a poor
outcome is more likely if closed-chest CPR has continued
for more than 15 minutes.14,27 Hence, arrival at a Level 1
center before 15 minutes of closed-chest CPR may provide
an opportunity for successful open-chest CPR.

Animal studies have shown that open chest CPR is more
effective than closed-chest CPR and produces higher per-
fusion pressures of the coronaries and brain.26 Clinical
studies seem to confirm better outcomes. A study by Lorenz
et al.28 showed overall 13% survival with open chest CPR,
with 2% survival in blunt trauma and 22% survival in pene-
trating trauma. This confirmed the bias that open chest
CPR is more effective in penetrating trauma; however,
Fialka et al.29 have recently found similar survival rates
(10%) in open chest CPR in casualties with blunt trauma to
the chest or abdomen. In this study all traumatic arrests
with severe blunt chest or abdominal trauma isolated or in
combination with other injuries were included in the study
if the victims were less than 70 years of age and had a doc-
umented resuscitation duration of less than 20 minutes.
Hachimi-Idrissi et al.30 studied out-of-hospital open chest
CPR and found survival rates of 6%; moreover, they report
that the procedure was well accepted by the populace of
Belgium.

The NAEMO/ACSCOT guidelines paper emphasizes that
their recommendations are based on available research to
date and are subject to change as advances are made in the
care of the trauma patient.10 Much of the rest of this
chapter will focus on recent research advances that hold
promise to improve the treatment of TCPR or to prevent
imminent cardiac arrest. We will also explore more basic
mechanisms in the body’s response to hemorrhage that
may account for some of the failures of TCPR and, it is to be
hoped, indicate potential new avenues of research.

Research that promises to improve the outcome
of TCPR in the future

Emergency preservation and resuscitation (EPR)

Animal studies have examined profound hypothermia as
a means to extend the period of time during which surgi-
cal repair can be accomplished. Very promising results
have been seen in both swine31–33 and dogs.34 Following
cardiac arrest from hemorrhage, profound hypothermia
(core temperature of 10 ºC) was induced by rapid cold
aortic flush (normal saline at 2 ºC at 1.7 l/min in dogs)
until core temperature was 10 ºC and hypothermia was
maintained for 60 minutes. Rewarming was accomplished
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by cardiopulmonary bypass. After recovery for 72 hours
(dogs) or 6 weeks (swine) brain histology and cognitive
function were normal. Recently Nozari et al.35 have
extended their large series of studies34,36 to examine the
consequence of adding trauma to the hemorrhage model.
Splenic injury was induced prior to the hemorrhage.
During the profound hypothermia, the spleen was
resected and the animals underwent left thoracotomy.
Even though there was still 100% survival in all groups, half
of the trauma animals (4) had neurologic deficits and
three required prolonged mechanical ventilation. The
addition of plasma exchange allowed full neurologic
recovery even after a 2-hour period of no-flow.37 This tech-
nology may provide sufficient time for repair of even very
severe and otherwise unsalvageable vascular injuries in a
controlled manner.

Improved ventilation strategies

Hemorrhage sufficient to lower central volume can
severely limit venous return and theoretically make it
impossible to attain adequate coronary and cerebral per-
fusion pressure during CPR. The absolute limit to this is
total exsanguination after which external chest compres-
sions would essentially squeeze an “empty heart.” Cardiac
arrest can occur in hemorrhage before there is true exan-
guination, however, and methods that redistribute the
blood to the central core or improve cardiac return have
the potential to improve the outcome of TCPR. One such
approach is to limit the duration of positive interthoracic
pressure during TCPR.

It has been appreciated for some time that positive pres-
sure ventilation can quickly exacerbate a tension pneu-
mothorax and significantly decrease venous return, but
recent studies have focused on a much more subtle and
more common event that also decreases cardiac return,
albeit to a less but still quite significant degree. Positive
pressure ventilation decreases cardiac return by raising
interthoracic pressure and this effect may be most critical
in hypovolemic states.38 To demonstrate this point, Pepe et
al.39,40 recently studied the effect of changes in the rate of
positive pressure ventilation in swine with a moderate
degree of hemorrhage. Elevated ventilatory rates of 20 and
30 breaths per minute caused a fall in diastolic blood pres-
sure and decreased coronary perfusion pressure as com-
pared to ventilatory rates of 6 breaths per minute. Based on
this evidence, the authors raise the concern that rapid ven-
tilatory rates for trauma resuscitation could significantly
impair hemodynamics. Krismer et al.41 have examined the
use of positive end expiratory pressure (PEEP) after intu-
bation of hemorrhaged swine that had not received fluid

resuscitation. Those treated with PEEP of 5 or 10 cm water
had significantly decreased survival compared with those
treated with 0 PEEP. Although not directly tested, it might
be expected that the same principles apply to animals that
arrest as a result of hemorrhage and lower ventilatory rates
without PEEP could improve the outcome of TCPR by
improving average cardiac return.

A corollary of this concept is that increases in negative
interthoracic pressure would improve venous return. It is
likely that the body’s own compensatory response takes
advantage of this concept by the increased ventilatory
drive and respiratory alkalosis seen in early hemorrhage
and early sepsis. This benefit can be enhanced by the use
of a respiratory impedance threshold device (ITD). This
valve creates more negative interthoracic pressure during
ventilation. It improves blood pressure in hemorrhaged
swine with both unassisted ventilation42 and with ventila-
tion assisted by a phrenic nerve stimulator.43 In stimulated
blood loss in humans accomplished by using lower
body negative pressure, the impedance threshold valve
improved velocity of cerebral blood flow and preliminary
results showed an increase in stroke volume.44 The ITD
coupled to a vacuum source for the generation of con-
trolled – 10 cm water vacuum in the trachea during the
decompression phase of CPR, has been shown to improve
both cerebral and coronary perfusion pressure during CPR
of anesthetized swine in which ventricular fibrillation (VF)
cardiac arrest was induced by intracardiac direct electrical
current.45 There was also a remarkable increase in short
term survival from 10 to 100% in this group. Hemodynamic
parameters were also examined in a group of animals that
were subjected to hemorrhage 50% of their estimated
blood volume before induction of VF cardiac arrest. These
animals also had a significant, but less dramatic, improve-
ment in coronary and cerebral perfusion pressures.
Survival was not examined in the hemorrhaged animals.

The results are exciting and provide real hope that
changes in pre-hospital ventilatory strategies may prevent
arrest in some trauma victims with marginal cardiac
return. Moreover, the use of the ITD holds the promise to
improve TCPR. Nevertheless, there are still some complex-
ities of CPR after hemorrhage that have not yet been exam-
ined with this new methodology. Induction of VF after
hemorrhage in propofol-anesthetized animals does not
mimic some important features of cardiac arrest after
hemorrhage. Cardiac arrest in conscious animals after
hemorrhage involves a loss of vasoconstrictor activity and
increased vascular compliance. ITD alone may not over-
come these additional impediments to venous return and
additional therapies may be required to create effective
CPR after hemorrhagic arrest. An additive approach to
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increased venous return may be the use of vasoconstric-
tors to decrease vascular compliance in non-critical vascu-
lar beds.

Hemorrhage-induced vascular collapse

At first glance vasoconstrictors would appear to be
an unsuitable adjunctive therapy for the treatment of
hemorrhage-associated arrest, because total peripheral
resistance is normally increased after hemorrhage, some-
times quite remarkably. In cases of limited fluid resuscita-
tion there are anecdotal stories of alert patients presenting
with such severe peripheral vasoconstriction that no
peripheral pulses were apparent and there was no bleed-
ing from severed brachial arteries or amputated extremi-
ties until fluid resuscitation was initiated. There are
animal studies, however, that show specific circumstances
when these predominantly vasoconstrictor responses fail.
In these circumstances, cardiac arrest ensues in part from
an apparently inappropriate vasodilatation or loss of vaso-
constrictor action. Two distinct mechanisms have been
described that would be expected to occur in two very dif-
ferent circumstances. The literature is somewhat con-
founded because both of these mechanisms are normally
referred to as “irreversible shock” and/or “compensatory
failure”.46–49 In order to provide perspective we will first
describe the normal sequential responses to continued
hemorrhage and then discuss how and when “compen-
satory failure” may occur.

The body’s initial response to hemorrhage is a beautifully
orchestrated combination of events involving a delicate
balance between an intense increase in vasoconstrictor
activity50 and a large increase in the production of the
vasodilator nitric oxide.51 The net balance of these media-
tors differs among vascular beds and the systemic effect
involves both an increase in total peripheral resistance,
which tends to preserve sufficient blood pressure to main-
tain tissue perfusion, and a redistribution of cardiac output,
which tends to preserve blood flow to the coronary and
cerebral circulations at the expense of other vascular
beds.50

In conscious animals, the initial compensatory response
to hemorrhage involves a baroreflex-mediated increase in
sympathetic activity and a decrease in parasympathetic
activity that results in a decrease in vascular conductance
and an increase in heart rate. The central pathways
involved in this response are quite complex. Numerous
neurotransmitters have been implicated in the efferent
pathways including classical neurotransmitters, vaso-
pressin,52,53 histamine,54 neuropeptides, including CRH,
opioids,49,55 serotonin,56 neuropeptide Y and galanin, and

gaseous mediators like nitric oxide and carbon monox-
ide.57 In addition to these complex central pathways,
descending autonomic visceromotor cells are activated.
The net result of this response is that in awake animals
blood pressure is maintained during the initial few
minutes of hemorrhage. If rapid hemorrhage continues
blood pressure will begin to fall.58 Somewhat surprisingly
this fall in blood pressure is caused in part by a decrease in
sympathetic tone and in part by a global vasodilation.
Sympathetic tone to most organs will decrease and heart
rate will fall in a process referred to as hemorrhage-
induced sympathoinhibition (HISI). The fall in blood pres-
sure results in increased production of nitric oxide, which
compounds the insult and also contributes to the fall in
blood pressure.59 If the hemorrhage continues at a rapid
rate, the combination of these two events results in a
further fall in blood pressure to low levels, despite the brisk
release of renin, epinephrine and vasopressin. Eventually
blood pressure will be too low to preserve perfusion to the
coronaries and brain, and ventilatory arrest and death will
ensue. The cardiac output threshold for the onset of HISI is
influenced by differences in PaO2

60,61 and various drugs
such as �2-adrenergic antagonists, and perhaps vaso-
pressin and renin.62 Some controversy exists whether
naloxone also influences this threshold.63–65

If the initial rate of bleeding was not as fast, the animal
may exhibit spontaneous recovery of blood pressure.66

Angiotensin II and vasopressin are important in this recov-
ery,67 which appears to be adversely affected by combined
brain injury.68,69 The recovery of blood pressure after severe
hemorrhage has also been seen in clinical trials in which
little or no fluid resuscitation is given in the initial man-
agement of the patient.70 If blood pressure recovery is ade-
quate then it may tend to remain at the recovery level for
some period of time. If the total oxygen debt has already
been substantial, however, or if moderate hemorrhage
continues, the animals may remain hypotensive or fall
back to hypotensive levels where they can remain for some
period of time. They can maintain sufficient blood pres-
sure to assure perfusion of critical tissues by a continued
rise in total peripheral resistance. During this period of
time increased plasma and tissue levels of endothelin
have been documented along with increased levels of
angiotensin II, but after some time, peripheral resistance
will gradually start to fall.

This relatively late fall in peripheral resistance is seen in
both awake and anesthetized animals and it occurs at the
same time that there is a generalized loss of vascular
responsiveness to the vasoconstrictors adrenaline and
angiotensin II. This decrease in responsiveness is seen as
early as 1 hour after the onset of hypotension in some
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vascular beds,71–73 but a systemic decrease in total peri-
pheral resistance can require as long as 2–4 hours of
hypotension.74 The progressive decline in total peripheral
resistance likely results from the progressive involvement
of more vessels in the phenomenon.

The mechanism of the loss of responsiveness to epi-
nephrine and angiotensin II is not fully explained, but it is
associated with increased production of nitric oxide,71,75

and it may be mediated through an opening of the K-ATP
channel in vascular smooth muscle.74,76 Non-selective
nitric oxide synthase inhibition71,72 and K-ATP channel
blockade76–79 can both return the vascular responsiveness.
The continued production of nitric oxide during hemor-
rhage and the accumulation of nitric oxide adducts like
S-nitrosylated proteins51 may contribute indirectly. It
has recently been shown that S-nitrosylation of the
RAS/mitogen-activated protein kinase in brain leads to
opening of the K-ATP channels.80 Several other factors in
this stage of shock also seem to target this channel, includ-
ing intercellular acidosis, and decrease in intercellular
ATP.81 The opening of this channel results in hyperpolar-
ization of the vascular smooth muscle, and vasodilation.
This process, which also occurs in septic shock, is termed
“vasodilatory shock”. The net effect may be compounded
in hemorrhage by accumulation of extracellular potas-
sium,82–87 which appears to be mediated in part by loss of
transport function of Na-K ATPase.87 Both uncoupling of
the Na-K-ATPase87 and the presence of an inhibitor88 have
been proposed as the mechanism, but the inhibitor
appears to be different from the circulating ouabain-like
factor that has recently been shown to be decreased in
hemorrhagic shock.89 The increase in extracellular potas-
sium concentrations to 10–15 mmol82,84 can contribute to
the vasodilation90 in part by the opening of another related
potassium channel, the inward rectified potassium
channel (Kir). The importance of these potassium changes
has recently been emphasized by the findings of Darling-
ton and Gann who have shown that administration of
purine nucleosides91 especially adenosine92,93 can increase
Na/K ATPase activity, prevent the rise in plasma potas-
sium, and improve survival in hemorrhagic shock.
Previous studies have also shown that the protection
afforded by modest hypothermia correlates most closely
with a slower rise in plasma potassium.94

At the late stage of shock there is also a fall in peripheral
vasopressin levels perhaps due to depletion of central
stores. The hyperpolarization of the vascular smooth
muscle and a fall in peripheral vasopressin levels combine
to cause a gradual fall in peripheral resistance. At this stage
there is also evidence of increased vascular permeability,95

and although blood pressure can be sustained for some

period of time by continued volume replacement, eventu-
ally only massive volume infusions48 are effective in main-
taining a life-sustaining blood pressure.

In summary, there are two different mechanisms of vas-
cular collapse following hemorrhage: (1) HISI, which is
seen in awake man and animals very early after the start of
rapid hemorrhage; and (2) vasodilatory shock, which is
seen in both awake and anesthetized animals after a sig-
nificant oxygen debt. The timing for onset of HISI is
minutes after the start of hemorrhage. The timing for
onset of vasodilatory shock is variable and will occur as
early as half an hour after injury if the hypotension is
severe, and as late as several hours if the hypotension is
modest. Both mechanisms of vascular collapse can be
averted if blood pressure is restored early after hemor-
rhage by fluid and/or blood resuscitation, but if cardiac
arrest intervenes it is possible that the ability to perfuse
the brain and coronaries during cardiac compressions is
limited by the same mechanisms that initially caused the
vascular collapse. Direct evidence for this hypothesis is
lacking, but circumstantial evidence implicates HISI in
the events surrounding cardiac arrest: (1) HISI is heralded
by a fall in heart rate and this biphasic heart rate response
to hemorrhage (increased early and then decreased
during HISI) may partially account for the finding that
heart rate is an unreliable marker of the severity of hem-
orrhage; (2) HISI may account for the finding that brady-
cardic rhythms (heart rate below 40 beats per minute)
after TCPR are associated with particularly poor out-
comes; and (3) HISI is also associated with a marked
reduction in oxygen consumption and a fall in core tem-
perature.96 Hypothermia after severe hemorrhage has also
been associated with dismal outcomes. We consider below
therapies that may be effective in reversing hemorrhage-
induced vascular collapse. Although the two mechanisms
may share some common pathways, more targeted
therapy may be required that is specific to the mechanism
of vascular decompensation.

Therapies to reverse the systemic vasodilation
that occurs during rapid hemorrhage

Although HISI is heralded by a fall in heart rate, atropine
will not increase blood pressure, even though it does
increase the heart rate. Since vasopressin and angiotensin
II appear to be involved in spontaneous recovery under
normal circumstances, they would be likely as candidates
to improve the effectiveness of CPR. Seki et al.97 have
shown that low dose hypertonic saline causes sympathetic
activation. Two studies evaluated98,99 vasopressin in model
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of uncontrolled hemorrhage in pigs. The trigger for vaso-
pressin infusion was a fall in heart rate that occurred sur-
prisingly late at 30 minutes after onset of hemorrhage.
Vasopressin increased heart rate and blood pressure
without causing further bleeding, and resulted in
improved survival. Nevertheless, it is not completely clear
if the mechanism of cardiovascular collapse in these
studies was HISI or vasodilatory shock. Exciting recent
work by Osei-Owusu and Scrogin100 has shown that
Buspirone raises blood pressure after HISI through sympa-
thetic activation and direct activation of �1-adrenergic
receptors.

The increased production of nitric oxide as the blood
pressure falls in HISI may be more amenable to interven-
tion. Transient non-selective inhibition of nitric oxide syn-
thase (NOS) effectively delays vascular collapse, but this
approach to urgent reversal of HISI may be confounded by
the finding that there is a significant non-NOS source of
nitric oxide during cardiac arrest.101 Therefore, mecha-
nisms that absorb NO or increase its metabolism may be
more effective. Hyperoxia decreases the vasodilatory effect
of nitric oxide in two ways, by shortening its half-life
(measured in seconds) and by blocking the release of
S-nitrosothiols from the red blood cells.102 Because of
increased nitric oxide production and increased formation
of S-nitrosothiols,51 the vasoconstrictor effect of hyperoxia
is greatly enhanced early after hemorrhage. Breathing
100% oxygen early after hemorrhage causes a large
increase in total peripheral resistance in rats that is associ-
ated with an increase in heart rate, cardiac output, plasma
norepinephrine, and myocardial contractility(Atkins,
unpublished). The sum of these effects results in an
increase in mean arterial blood pressure of 60 mmHg,
which occurs within 30 seconds of changing the inspired
gas to 100% oxygen.103 PaO2 averages around 400 mmHg on
100% oxygen, and most of the blood pressure change is
seen with inspired oxygen at 60%. The increase in heart
rate is prevented by the serotonin blocker ketanserin, but
the increase in blood pressure is not prevented by
ketanserin, allopurinol, or indomethacin, indicating that
this may be a direct effect of decreasing nitric oxide-
induced vasodilation. Hyperoxia in early hemorrhage
results in a favorable redistribution of cardiac output,
causing vasoconstriction in the skeletal muscle104 and an
increase in carotid blood flow.103 This action may account
for the improved survival seen with oxygen inhalation in
controlled hemorrhagic shock;105,106 however, this benefit
is not universally seen in uncontrolled hemorrhage,107,108

presumably because of the increased bleeding caused by
the rise in blood pressure. In summary, the results suggest
that breathing 100% oxygen may help in reversing HISI.

The desired benefit depends on decreasing levels of nitric
oxide rather than meeting tissue oxygen requirements.
Nevertheless, high concentrations would be required, and
effective delivery during TCPR may be limited by restraints
on the use of positive pressure ventilation discussed above.
The use of perflurocarbons109–111 and artificial hemoglo-
bins112 would also be expected to increase the metabolism
of nitric oxide without the same constraints.

The systemic vasodilation resulting from opening of the
K-ATP channels in vascular smooth muscle can be
reversed by infusion of K-ATP channel blockers gliben-
climide and glibizide.76–79 Vasopressin infusion can also
increase blood pressure and prolong survival in very late
stage of hemorrhage-induced vasodilatory shock in
animals.113–115,98,116 Evidence suggests that low dose vaso-
pressin may be the most appropriate.117 On the basis of
these promising results in studies of near cardiac arrest it
seems reasonable that these same therapies could be
useful adjuncts in TCPR, and indeed initial clinical case
reports support this conclusion.118

Successful TCPR in patients with very rapid hemorrhage
and HISI will also certainly require some means to stop the
bleeding in the field since effective TCPR with return of
spontaneous circulation would likely result in the reinsti-
tution of massive bleeding. Although the relatively selec-
tive vasoconstriction of vasopressin may be effective in
abdominal bleeding,114 it is easier to envision success in
patients with bleeding in an extremity, in whom the appli-
cation of a tourniquet before TCPR may prevent a life-
threatening rebleed.119 The population that would likely
benefit from glibenclimide or vasopressin are patients with
delayed transport to a trauma center.

In summary, recent results make it more likely than ever
that the results of TCPR can be dramatically improved in
the future by combined strategies of selective vasocon-
striction and improved ventilatory techniques. More
directed research is needed in this unique cause of cardiac
arrest.

Moreover, there may be even more potential to save lives
if cardiac arrest can be prevented. In the next sections
below, we will discuss therapies and recent advances that
may help to prevent cardiac arrest after trauma.

Therapeutic interventions for HS (avenues for the
advancement of trauma care)

Clearly, the most effective way of reducing morbidity and
mortality related to traumatic arrest is to improve the
initial management for the victim of traumatic shock and
impending arrest. The approach to resuscitation of the
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trauma patient follows a very logical and time-honored
sequence designed to address life-threatening conditions
in a hierarchical and systematic manner: that is to say, the
ABC’s of trauma treatment. This general approach has pro-
vided remarkable improvement and standardization in the
prehospital treatment of multiple trauma victims over the
last several decades. With this framework of Airway-
Breathing-Circulation in mind, we can now consider
advanced therapeutic interventions for use during the
initial resuscitation that may delay or eliminate the onset
of traumatic arrest.

Airway

Airway control remains the first and foremost concern in
trauma care. Without adequate airway control all other
interventions are destined to fail. Clearly, the importance
of simple airway control can not be overstated. Never-
theless, airway manipulation in trauma patients is not
without its drawbacks. Positive pressure ventilation results
in increased intrathoracic pressure and a concomitant
decrease in venous return and diminished cardiac output.
This is particularly important in conditions related to
volume depletion, such as hemorrhagic shock.120 Indeed,
the application of endotracheal intubation and positive
pressure ventilation may exacerbate the already tenuous
hemodynamic state and convert impending arrest to full
arrest.121

Some investigators have begun to explore the reverse
effect of this phenomenon as a mode of intervention. That
is, to create a relatively negative intrathoracic pressure by
way of airway impedance. The result of this maneuver is to
create an intrathoracic vacuum effect, thereby improving
venous return and cardiac output. Thus, Lurie and cowork-
ers have developed a inspiratory impedance threshold
valve for use during active compression–decompression
(ACD) cardiopulmonary resuscitation.122 The device has
been shown to improve perfusion of vital organs during
resuscitation and has proven to be effective when used
during ACD–CPR.123,124 Investigators have recently demon-
strated that such a device may also be effective in prevent-
ing circulatory collapse-associated hemorrhagic shock
before full arrest in both animal models,125,126 and in
human studies.127 Use of an impedance device may be a
very simple and reliable method for the field stabilization
of the trauma victim.

Breathing

Hemorrhagic shock, a low-flow state created by depletion
of blood volume, leads to decreased cardiac output,

reduced hemoglobin concentration, and alterations in
microcirculatory blood flow directly resulting in impaired
tissue oxygenation, and thus the accumulation of a cellular
oxygen debt.128 This fundamental precept has led to the
nearly universal use of supplemental oxygen in the treat-
ment of traumatic hemorrhage. Although, aside from the
very basic goal of improving tissue oxygenation by increas-
ing the available partial pressure of inspired oxygen, sup-
plemental oxygen therapy may have a more subtle benefit
for the trauma patient. Sukhotnik and coworkers have
demonstrated in several models of hemorrhagic shock that
oxygen therapy exerts an independent salutary effect on
blood pressure, resulting in redistribution of blood flow
from skeletal muscle to the splanchnic and renal vascular
beds, which they believe to be a critical component of the
beneficial effects of hyperoxia following hemorrhage.107

Nevertheless, this therapy may increase the risk of bleed-
ing in uncontrolled hemorrhage.107,108

As noted above, positive pressure ventilation can have
negative hemodynamic effects for the volume-depleted
patient. Recently, Pepe and coworkers have proposed an
alternative strategy of reduced ventilatory rates aimed at
limiting this detrimental effect. Experimental evidence
from a swine model of hemorrhagic shock suggests that
ventilatory rates as low as 6 breaths per minute can reduce
the undesirable intrathoracic pressure changes associated
with PPV without adversely affecting oxygenation or acid-
base status.121,129

Oxygenation is a critical consideration for the patient
with traumatic shock. The use of supplemental oxygen
may need more careful evaluation because of the poten-
tial to increase bleeding. This is a recurrent theme in which
inappropriate use of therapeutics that increase blood
pressure may result in increased bleeding and prove to
be counterproductive. Providing appropriate guidelines
for such interventions may prove to be a substantive
challenge.

Circulation

Hemorrhage control
The first rule in stabilizing the victim of hemorrhage is to
prevent further blood loss. This emphasis has changed
very little over time. Whereas, the application of pressure
dressings or tourniquets to a wounded extremity remains
the mainstay of hemorrhage control in the field, bleed-
ing from non-compressible sites, such as organ injury
or proximal vascular injury, continues to represent a sig-
nificant cause of hemorrhage-related mortality.
Approximately 30% of trauma-related deaths result from
blood loss alone.130 To address this problem, considerable
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attention has been given to the use of both topical and
systemic application of procoagulants to stem the tide of
blood loss.

Multiple forms of hemostatic wound dressings impreg-
nated with procoagulant compounds have been developed
and tested.131 Active procoagulant compounds used in such
hemostatic bandages have included: chitosan, oxidized
cellulose, thrombin, fibrinogen, microfibrillar collagen,
propyl gallate, aluminum sulfate, and acetylated poly-N-
acetylglucosamine. A recent direct comparison of several
available preparations was conducted in a swine liver
injury model. This study demonstrated that a dressing that
utilized human fibrinogen, purified human thrombin,
factor XIII, and CaCl2/cm2 freeze dried onto an absorbable
polygalactin mesh was most effective,132 whereas other
investigators have shown a chitosan dressing consistently
failed within 2 hours after application.133 In any event, there
are sure to be rapid advances in the science of external,
emergency hemorrhage control in the near term.

The systemic administration of procoagulants may
provide an important advantage to victims of trauma.134 A
retrospective review of in-hospital patients found that 8%
of post-traumatic deaths occurred in the operating room.
Of these patients, 82% died of uncontrolled hemorrhage
and one-quarter of these deaths were attributable to coag-
ulopathy.135 There are no comparable data on how often
coagulopathy contributes to prehospital deaths, but recent
data by Brohi et al.136 indicates that a significant number of
trauma victims present to the trauma center with a coagu-
lopathy that is not related to the amount of fluid adminis-
tered, but correlates with the injury severity score. Patients
who present with the “fatal triad of death:” acidosis, coag-
ulopathy, and hypothermia, have several independent
markers predicting bad outcome.

Although there can be numerous causes of coagulopa-
thy in trauma victims, pharmaceutically enhanced hemo-
stasis has two potential beneficial effects. First, and
obviously, it may decrease the amount of initial blood
loss, thereby reducing the traumatic insult. Secondly, it
may help prevent the hypothermia, acidosis, and dilu-
tional coagulopathy associated with massive transfu-
sions.137 Interruption of the fatal cycle of worsening
hypothermia, coagulopathy, and acidosis may offer a
necessary boost needed by these patients. The procoagu-
lant drug that currently appears to be most promising is
recombinant factor VIIa (rfVIIa).138 Boffard and co-
workers recently conducted a drug company-sponsored
randomized trial of rfVIIa for hemorrhage from both
blunt and penetrating trauma.139 The study demonstrated
convincingly that this drug can reduce the overall massive
transfusion requirements after blunt trauma, with a

similar trend seen in patients with penetrating trauma.
While the differences in mortality and reduction in criti-
cal complications were less convincing, the drug was
shown to be safe in this critically injured population.
This may not be a giant leap forward for reduction in
trauma mortality, but it is an encouraging advance for the
concept of pharmaceutically enhanced hemostasis. A
recent review by Ho et al.140 has proposed that the rever-
sal of coagulopathy may be improved with better guide-
lines for replacement of blood products.

Fluid resuscitation and hemodynamic stabilization
Following adequate airway control, breathing, and the
control of hemorrhage, the next step in the standard resus-
citation algorithm is to provide fluid resuscitation as
needed for hemodynamic stability. The age-old argument
of whether to use a crystalloid or colloid fluid for this has
evolved into a much more complex and nuanced discus-
sion concerning multiple variables, including volume of
resuscitation, blood pressure limits, and an assortment of
new fluid choices and additives designed to modulate vas-
cular tone and immune responses. The ideal resuscitative
fluid would simulate all of the positive properties of whole
blood, be universally acceptable, inhibit further blood loss,
abrogate the negative inflammatory consequences of trau-
matic hemorrhagic shock and subsequent intervention,
and provide for hemodynamic stability at low infusion
volumes.141 Consequently, considerable research has been
conducted to assess these individual components of resus-
citation with the eventual hope of bringing them all
together in a simple, easy to use package.

Aggressive fluid resuscitation to normal or even near
normal blood pressures has been challenged as a danger-
ous maneuver likely to lead to exacerbation of blood loss,
particularly in patients with non-compressible or uncon-
trolled hemorrhage.142,143 This has led to the acceptance of
hypotensive resuscitation as a standard of care in some
trauma communities.144,145 The benefit of hypotensive
resuscitation for reducing hemorrhage in patients without
adequate bleed control is clearly intuitive and has become
generally accepted. This approach may also be beneficial
in victims with profound blood loss even with adequate
hemorrhage control, particularly when there is a delay to
definitive care.66 Currently, hypotensive resuscitation is a
concept that is rapidly gaining acceptance in the medical
community, but as yet, it is far from a standardized
approach ready for insertion into the ACLS guideline.
Nonetheless, the benefits of hypotensive resuscitation
and the disadvantages of aggressive fluid resuscitation
deserve careful consideration. One particular cause of
concern is the possibility that hypotensive resuscitation
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may result in increased incidence of coagulopathy or mul-
tiorgan failure.

Late deaths due to multiple organ failure

Multiple organ failure (MOF), or multiple organ dysfunc-
tion syndrome (MODS), was previously considered to be
the leading cause of death after severe trauma.146 This
became particularly apparent as trauma care improved
between the 1970s and 1980s, resulting in more patients
surviving their initial injury to develop MOF.147 Over the
last decade, as trauma care has continued to improve, this
trend has been reversed, leading to an overall reduction in
the mortality risk associated with MOF after traumatic
hemorrhage.148,149 But, despite this encouraging progress,
MOF remains an important cause of morbidity after
trauma resuscitation and thus continues to be a therapeu-
tic problem for ICU patients.150

This may be particularly true for patients surviving an
initial arrest and in patients suffering from profound
hypovolemic shock. Recent progress concerning the eti-
ology and progression of MOF may offer important
insights into possible early therapeutic interventions. The
two-hit model proposed by Moore et al.151 continues to
play a central role in our understanding of the progress of
MOF. Recent work has shown that the development of
MOF is likely to be a complex and multifactorial process,
with multiple immunologic and molecular events pro-
moting its onset and influencing its severity. MOF is
essentially the result of an overexuberant humeral and
cellular inflammatory response leading to the expression
and release of numerous mediators, such as toxic oxygen
species, proteolytic enzymes, adherence molecules, and
cytokines.152

The initiating events in MOF after shock may occur
very early in the course of hemorrhage and mitigation
of these events during the initial resuscitation effort
may significantly reduce the likelihood of developing
MOF following resuscitation. Some of the more impor-
tant second hit events that may promote the onset of
MOF appear to be related to abdominal compartment
syndrome,153 immune activation by postshock mesen-
teric lymph,154 red blood cell transfusion,155 and intra-
venous fluid infusion itself.156–159 An early resuscitation
strategy designed to mitigate these inflammatory con-
sequences while providing life-saving hemodynamic
support may help to decrease further both trauma-
related MOF mortality and morbidity. A detailed discus-
sion of the biology of MOF is beyond the scope of this
chapter. We will, however, address some of the recent

findings concerning the initiation of MOF and possible
strategies of early manipulation below.

Immune modulation

Primary immune stimulation in response to trauma, in
addition to secondary stimulation due to a subsequent
insult such as surgical intervention, infection, and resusci-
tative interventions, plays an important role in the natural
course of trauma. As noted above, the molecular events
responsible for the systemic response to traumatic insult
may occur very early in the course of injury and treatment.
As such, manipulation or modulation of these events
during initial resuscitation may offer an effective means of
mitigating an exuberant and disruptive inflammatory
response. A detailed description of all of the inflammatory
consequences of traumatic hemorrhage is beyond the
scope of this chapter. Here we will highlight some of the
significant contributors to the inflammatory response
along with their potential interventions.

The systemic response to traumatic hemorrhage begins
with immediate changes in intravascular volume and auto-
nomic discharge intended to redistribute blood flow to crit-
ical vascular beds. While these natural responses are
intended to prevent irreversible damage to critical organs,
the overall cardiovascular effect of significant hemorrhage
results in decreased oxygen delivery, decreased tissue per-
fusion, cellular hypoxia, and organ damage.160 The resulting
stress on vascular endothelium leads to increased platelet
aggregation and neutrophil infiltration mediated in part by
the release of platelet activating factor (PAF).161 This
microvascular injury is responsible for changes in endothe-
lial integrity that provide a nidus for the inflammatory
cascade, which ultimately results in the generalized release
of proinflammatory cytokines such as TNF-, IL-1, and IL-
6.162,163 TNF has recently been shown to play a critical
upstream role in left ventricular dysfunction after hemor-
rhage resuscitation.164 IL-6 is a very consistent marker of
injury after hemorrhage resuscitation, so it very surprising
that early infusion of IL-6 blunts production of proinflam-
matory cytokines.165 The results suggests that IL-6 may be a
basic compensatory response to injury rather than a pro-
inflammatory mediator. Recent studies by Tracey and col-
leagues have identified a pro-inflammatory cytokine that is
released late after injury, HMGBI.166 This may provide a
therapeutic target suitable for late interventions.

The early hemodynamic and inflammatory response to
hemorrhage also involves the stimulation of nitric oxide
(NO) production via constitutively expressed and inducible
NO synthases. NO has been shown to exert both local and
systemic effects. The immediate local consequence of
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increased NO concentration is vasodilation, and this along
with increased production of carbon monoxide167 serves to
preserve tissue perfusion in the face of the release of potent
vasoconstrictors. The appearance of inducible NOS is a rel-
atively late event after hemorrhage,168 but it has been asso-
ciated with increased liver,169,170 gut171 and lung injury,172

and the induction of pro-inflammatory cytokines.173 The
interactions of induced heat shock protein, heme oxidase,
and inducible NOS, however, are complex and the overall
effect on tissue injury or protection is not determined by the
expression of a single mediator.174,175 During resuscitation,
increased oxygen tension in the tissues and the production
of oxygen radicals can react with nitric oxide from any
source and with the nitric oxide adducts accumulated
during the period of hypotension to produce reactive nitro-
gen species, such as NO3- and peroxynitrite.176 Recent work
has been designed to interrupt the NO-dependent conse-
quences of these reactive oxygen species. McDonald and co-
workers have shown that highly selective inhibitors of iNOS
activity may effectively attenuate renal dysfunction as well
as liver and pancreatic injury caused by hemorrhage and
resuscitation .177 A membrane-permeable radical scavenger
(tempol) has been shown to delay circulatory failure as well
as multiple organ injury and dysfunction associated with
hemorrhagic shock.178 Thus a strategy designed to prevent
the formation of reactive nitrogen species may represent a
novel early therapeutic intervention for hemorrhagic shock.

The gastrointestinal tract may be a particularly impor-
tant source of posthemorrhage cytokines,179 and injury to
the gut is thought to play a pivotal role in the pathogenesis
of MOF after hemorrhage resuscitation.180 Intestinal injury
is seen after resuscitation from hemorrhage and is associ-
ated with increased intestinal permeability to hydrophobic
solutes,181,182 appearance of translocated bacteria in
mesenteric lymph nodes (of rats),179,181–183 and the appear-
ance of undefined pro-inflammatory mediators in mesen-
teric lymph.184–186 Posthemorrhagic shock mesenteric
lymph has been shown to prime neutrophils and cause
lung injury.154 Furthermore, lymphatic diversion can elim-
inate this injury.154,187

Oxidative stress and the formation of peroxynitrite176 are
involved in the intestinal damage and this is apparently
exacerbated by a progressive vasoconstriction that begins
at the time of resuscitation.188 Therapeutic interventions
have been aimed at minimizing the oxidative injury, reduc-
ing the formation of pro-inflammatory mediators, and
reversal of the persistent vasoconstriction. Xanthine
oxidase is abundant in the intestine and this appears to be
a major source of the oxidant injury. Xanthine oxidase
inhibitors are protective,189,189 as are pentoxifyllin and the
related compound lisofyllin, both of which may exert their

protection by preventing oxidant injury, although other
mechanisms have also been proposed.190,191 The source of
pro-inflammatory mediators in mesenteric lymph is not
fully resolved but Schmid-Schonbein and Hugli186 have
proposed a novel theory that postulates that pancreatic
enzymes gain access to the intestinal cells after ischemic
injury and produce multiple digestion products that are
pro-inflammatory. The role of pancreatic enzymes in this
process is substantiated by the studies of Cohen et al.
showing that ligation of the pancreatic duct prevents
distant organ injury after resuscitation from hemorrhage,
even though it does not prevent gut injury.192 Also studies
by Doucet et al.193 have shown that enteral application of
pancreatic enzyme inhibitors is also protective. The results
clearly indicate that pancreatic enzymes are involved in
the formation of pro-inflammatory mediators and poten-
tially provide a real therapeutic option for the prevention
of MOF after severe hemorrhagic shock. Therapies
that reverse mesenteric vasoconstriction also provide
improved survival and are associated with less intestinal
pathology. One intriguing approach is that of direct
intraperitoneal resuscitation (DPR) proposed by Zakaria
et al.188 The local improvement of blood flow caused by
DPR has been attributed to the vasodilatory nature of the
dialysis solution. The reason for an increase in lung and
muscle blood flow after DPR is less intuitive and remains to
be explained. The authors postulate that improved cardiac
work, removal of inflammatory mediators from the peri-
toneal cavity, and reduced leukocyte activation are all
likely mediators of this beneficial effect.

In addition to the acute phase inflammatory reaction,
profound hemorrhage initiates a molecular response that
leads to the promotion and upregulation of genes respon-
sible for heat shock proteins (HSP) and apoptosis. HSP are
a family of gene products that likely represent a protective
mechanism designed to check possible detrimental effects
of physiologic stress. Kiang and coworkers have recently
demonstrated specific HSP binding to iNOS and its tran-
scription factor KLF6 after hemorrhage.175 The result of this
binding may lead to inactivation of iNOS and thus to a
decrease in NO-related cellular injury. As a result of these
findings, it has been postulated that the exogenous stimu-
lation of HSP may be helpful during initial resuscitative
efforts.

The stress response to injury concurrently initiates a
process of apoptosis, or programmed cell death, designed
to limit the extent of inflammation, to clear non-viable
cells, and to maintain overall integrity of the organism. As
the severity of hemorrhagic shock-related stress increases,
the magnitude and extent of apoptosis increases. An exag-
gerated apoptotic response leads to cell death in multiple
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cell types and tissues. The subsequent release of inflam-
matory intracellular components and debris may lead to
further local tissue damage as well as detrimental effects at
distant organ sites. For example, gastrointestinal apoptosis
can result in breakdown in the gut barrier, leading to
release of inflammatory intermediates into mesenteric
lymph that exacerbate pulmonary apoptosis and the sub-
sequent development of MOF.194,195

It has been suggested that regulation of the complex
cascade of apoptosis may provide an opportunity for early
intervention in the development of organ injury and
failure.196 Therefore, investigators have examined resusci-
tative strategies designed to limit the negative effects of
apoptosis. It has been demonstrated that hemorrhage and
resuscitation produce immediate apoptosis and that the
magnitude of apoptosis depends, to some extent, on the
choice of resuscitative fluid.197,198 Ongoing work has iden-
tified several candidate resuscitative fluids, such as pyru-
vate Ringer’s solution and hypertonic saline, which may
help specifically to diminish the magnitude of apoptosis
during resuscitation. Additionally, work with pharmaco-
logic adjuncts such as crocetin and glutamine have been
shown significantly to improve restoration of cellular
energy stores, reduce apoptotic cell death, and improve
overall survival.199

Cell-mediated immune responses after trauma-
hemorrhage are gender-related. Male and female sex
steroids produce differing immunomodulatory effects.200

Proestrus females have been shown to demonstrate bene-
ficial responses following trauma and hemorrhage with
respect to splenocyte proliferation, IL-2, IL-3, IFN-gamma
release, splenic macrophage IL-6 release, and TNF-
alpha.201 It is likely that this gender-dependent advantage
is mediated in part via upregulation of HO-1 expression
and activity.202 These findings support the contention by
some authors that the administration of agents such as flu-
tamide, designed to antagonize androgen-receptors and
simultaneously upregulate estrogen receptors, may play
an important role in improving outcome from shock.

Complement activation has long been recognized to
contribute to the inflammatory cascade leading to MODS
following hemorrhagic shock.203 Indeed, inhibition of
complement activation before resuscitation has been sug-
gested as a useful adjunct in patients experiencing major
hemorrhage for the prevention of the sequelae of gut
ischemia.204 A single bolus treatment of Cl-esterase-
inhibitor was shown to abrogate leukocyte adhesion and
rolling in the mesenteric microcirculation after hemor-
rhagic shock.205

Recent studies have emphasized the interaction of the
neuroendocrine response to hemorrhage and the immune

response.57 Tracey has shown that vagal stimulation blunts
the immune response206 and Guarini et al.207 have shown
that vagal stimulation blunts NF-�B activation after hem-
orrhage and improves short term survival. Moreover, this
pathway mediates the protective effect of adrenocorti-
cotropin.208

Endothelial dysfunction

A very recent preliminary publication by Mathru and
Lang209 has demonstrated that trauma patients have sig-
nificant endothelial dysfunction despite adequate resusci-
tation. Although the authors did not speculate on the
presence of nitric oxide inhibitors as a potential cause of
this effect, Cooke210 has postulated that asymmetric
dimethyl arginine (ADMA), a naturally occurring inhibitor
of nitric oxide synthase, may be an important cause of
endothelial dysfunction. This hypothesis is particularly
appealing because of the finding by Nijveldt et al. that the
plasma level of ADMA is an independent risk factor for ICU
mortality211 and a potential cause of multiorgan failure.212

The link between this and other factors involved in multi-
organ failure is yet to be resolved.

New treatment modalities in shock

Hemoglobin-based oxygen carriers (HBOCs)
The hemoglobin-based oxygen carriers, polymerized
hemoglobin solutions, represent a potentially significant
advance in the treatment of hemorrhagic hypovolemia.
The use of HBOCs may meet multiple critical needs of the
trauma patient, including volume replacement, oxygen-
carrying capacity, and immune modulation. Historically,
the treatment of hemorrhagic shock has relied mainly on
crystalloid infusion for the immediate stabilization of
hemodynamics, followed by surgical intervention and
transfusion of stored red blood cells (RBCs). Whereas
transfusion with allogenic RBCs remains the gold stan-
dard treatment for acute traumatic anemia, human RBC
transfusion is not risk-free. Aside from issues of compati-
bility, disease transmission, and supply limitations, the
number of infused RBC units and the age of those units are
directly proportional to the risk of subsequent MOF.
Resuscitation with an HBOC may offer a means of miti-
gating these risks. Even though early clinical evaluation of
HBOC resuscitation was plagued by increased mortal-
ity,213 current work with newer formulations appears to be
quite encouraging.141,214

Hemoglobin avidly binds nitric oxide and therefore
all the first-generation HBOCs are all vasoconstrictors, as
is the hemoglobin within the RBCs. Thus, the question
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normally posed is whether HBOC absorbs significantly
more nitric oxide than the RBCs already present within the
circulation. One possible mechanism for an increased
vasoconstriction with HBOC is related to the ability of
HBOC to extravasate from the vascular compartment and
thereby gain access to nitric oxide normally “out of reach”
of the RBCs. This is more likely to occur in fenestrated
vessels.112 Persistent hypotension seen with some models
of low volume resuscitation may make even a small effect
evident.66 Purification of the HBOC to remove small com-
plexes would tend to minimize this effect.

Recent findings provide another possible explanation
for the relative vasoconstrictor effect of HBOCs. Atkins
et al.51 have recently shown in rats that RBCs have an
increased content of S-nitrosothiols after hemorrhage.
Stamler and colleagues215,216 have proposed that S-
nitrosothiols may be released from RBCs in vascular beds
with low oxygen tension as a result of the conformational
change in hemoglobin. The released S-nitrosothiols would
tend to vasodilate the tissue. Although there is no direct
evidence that this “targeted release” occurs in hemorrhage,
this “safety valve” mechanism could be functionally
important, even if the amount of nitric oxide delivered is
small compared to the overall rate of nitric oxide produc-
tion. If the mechanism is operative in hypoxic vascular
beds during hemorrhage, then the endogenous circulating
RBCs would tend to vasodilate these beds while transfused
RBCs and HBOCs would tend to vasoconstrict them. It
remains a very difficult problem to demonstrate this effect
in vivo, but resolving these questions may help to define
the best strategies for the use of HBOCs.

Vasopressin
Return of spontaneous circulation following cardiac arrest
due to hemorrhage has historically been considered
extremely unlikely. So much so, that interventions, such as
CPR and or ED thoracotomy, are discouraged except for the
minority of cases involving penetrating torso injury in
the patient who has loss of vital signs very close to or in the
trauma room. Recently, investigators have begun to
explore the use of vasopressin as an adjunct in hemor-
rhagic shock and cardiac arrest.217 Administration of vaso-
pressin has been successful in at least one case, albeit
temporary, in the treatment of traumatic arrest.218 The
value of this drug may actually be for the hemorrhage
victim before frank arrest in helping to stabilize a tenuous
hemodynamic state and allowing time for further treat-
ment.219 Some have argued that in situations of uncon-
trolled hemorrhage, vasopressin administration along
limited fluid infusion may be preferable to standard fluid
resuscitation algorithms.220

Controlled modest hypothermia
Animal studies have shown a protective effect of modest
hypothermia (28ºC to 32ºC) in head trauma and cardiac
arrest. Likewise, numerous animal studies have also shown
a beneficial effect of modest hypothermia in hemorrhagic
shock. Nevertheless, substantial controversy remains
about the use of mild (36ºC to 32ºC) or modest hypother-
mia in trauma, because hypothermia is associated with
cardiac arrhythmias, coagulopathies, and increased inci-
dence of infections. Moreover, as previously mentioned,
patients who present to the trauma center with hypother-
mia have a worse outcome. Numerous animal studies have
shown that mild or modest hypothermia, however, can
improve survival and decrease late organ injury in hemor-
rhage resuscitation.94,108,221–225 The controversy may never
be resolved, and recently Wu et al.224,225 have begun a
search for the mechanisms that provide the survival
benefit from mild hypothermia. Although a daunting task,
this may prove to be the most acceptable way to provide
this protection to trauma patients.

Conclusions

In developed countries, trauma systems with rapid trans-
port to the hospital continue to make significant improve-
ments in survival and outcome after injury. These
advances have been largely based on improved roads
and expanded and standardized trauma care systems.
Unfortunately, it is unlikely that underdeveloped coun-
tries will be able to apply such resource-intensive
responses to prevent the predicted increase in deaths from
traffic accidents. In this context, improvements in the
initial care of trauma patients at the scene could have a
very significant impact. Even with the excellent road
system and advanced transport systems in the USA, there
is still the potential to save many lives through improve-
ments in early care.
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Introduction

The pathophysiological changes associated with hypother-
mia make cardiopulmonary resuscitation a unique chal-
lenge in patients with severe accidental hypothermia.1–5

Hypothermia offers protection from ischemic tissue injury.
Therefore, hypothermic patients have survived prolonged
periods of untreated cardiac arrest and resuscitation efforts
lasting for hours.2,6,7 The arrested hypothermic heart often
does not respond to electrical or pharmacological therapy
unless rewarmed.3,8,9 Therefore, diagnosis of irreversible
cardiorespiratory arrest is difficult during hypothermia and
is often defined as “the failure to revive with rewarming”.3 It
is widely accepted that “nobody is dead unless warm and
dead.”1 In addition to basic and advanced cardiac life
support adopted to the particular needs of hypothermia,
rapid core rewarming is an essential cornerstone of any
resuscitation effort. Extracorporeal circulation is consid-
ered the method of choice to accomplish core rewarming in
arrested hypothermic patients while offering optimal cir-
culatory support.10,11

Pathophysiology of hypothermic cardiac arrest

Hypothermic cardiac arrest may occur in clinically distinct
groups of patients. Cardiac arrest may affect otherwise
healthy individuals trapped in cold environments, with
cardiac arrest being the sole consequence of the deleterious
effects of hypothermia on the cardiovascular system.12,13

Cardiac arrest may occur in individuals submerged in ice
water or snow, who suffer from asphyxia while rapidly
cooling.14,15 In these patients cardiorespiratory arrest is, at

least partly, a consequence of asphyxia, and hypothermia
may offer protection from irreversible ischemic injury
when substantial hypothermia has developed before
cardiac arrest. The healthy human body responds to cold
stress in a rather uniform way, resulting in a predictable
pattern of clinical symptoms and organ dysfunctions
depending on the degree of hypothermia (Table 57.1). The
two single most important responses to cold stress are an
increase in endogenous heat production (e.g., shivering)
and an intense sympathetic stimulation.4,9,16 This results in
a central pooling of blood, a marked temperature gradient
between the core and the shell of the body of up to 20 °C,
cold diuresis, an increase in hematocrit, volume depletion,
and depletion of glucose stores.4,9,17 The response to cold
depends on the rate of cooling.9 The overwhelming
cold stress during submersion in ice water will result in a
different cardiovascular and metabolic response compared
to the prolonged cooling process in an exhausted
mountaineer. Sometimes accidental hypothermia affects
patients suffering from co-morbidities that alter thermo-
regulation per se and thus the response to cold stress.
Extremes of age, traumatic shock, cerebrovascular acci-
dents, spinal cord injuries, and endocrine disorders
(myxedema, hypoglycemia) are the most important among
these conditions.4,9 Mortality of hypothermic patients with
disorders of their thermoregulatory system is often deter-
mined by their underlying disease rather than by hypother-
mia.9,18 Alcohol and drugs like sedatives and opiates also
significantly alter the physiological response to cold
stress.19,20 It is important to consider the individual pre-
arrest pathophysiology in a hypothermic patient and to
adopt treatment protocols to the specific needs of the indi-
vidual patient.
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Metabolism, oxygen demand, and protection from
ischemic tissue injury

The capacity of hypothermia to protect tissue from
ischemic injury has been well known for decades and is
routinely used in cardiac surgery. After controlled induc-
tion of hypothermia (core temperature below 20°C), circu-
latory arrest is tolerated without obvious neurological
injury for periods of up to 45 minutes in adults and up to
60 minutes in infants.21 In short-term profound hypother-
mia, the reduction in metabolic rate is the principal com-
ponent responsible for maintaining tissue viability in cases
of ischemic injury. Basically, a reduction in oxygen demand
of 5 to 9% of baseline value can be expected with each
degree of reduction in body core temperature.17,22,23

Nonetheless, the impact of hypothermia on metabolism
varies significantly among different organs, different cells
in a particular organ, and even for different enzymatic
reactions within an individual cell.24 It has been stated
repeatedly that during spontaneous circulation the
hypothermic myocardium is more susceptible to ischemic
injury than is the brain.25,26 Experimental data suggest that
the effect of hypothermia is not linear for various degrees
of hypothermia. The temperature coefficient for myocar-
dial protection, which describes the relation between tem-
perature and myocardial preservation for every 10°C
change in temperature, is 2.2 for a change from 35°C to
25 °C, but 1.6 for a change from 15 °C to 5 °C.27 Experimental
and human clinical experience suggests that decreasing
core temperature below 15 °C to 10 °C results in a decline in
resuscitability rather than further enhanced protection
from ischemic injury.28,29 It is widely accepted that myocar-
dial preservation is optimal during cardioplegic cardiac

arrest in open heart surgery within the temperature range
between 10 and 20 °C.24,28 With a core temperature around
10 °C, local organ cooling (e.g., brain) is better tolerated
than total body hypothermia.30 Obviously, with such low
core temperatures total body hypothermia itself becomes
deleterious. One possible explanation for these deleteri-
ous effects is the marked difference in the temperature
dependence of biological processes. The phenomenon
of tissue swelling in response to profound hypothermia,
for example, has been attributed to the more pronounced
inhibition of the active ion pumps in comparison to
passive diffusion among electrochemical gradients.24

Although extreme hypothermia per se is detrimental, it is
not possible to define a borderline temperature below
which hypothermia-induced tissue injury is irreversible.
Most likely this borderline is different for various organs
and depends on the type of cooling (e.g., rapid, controlled
cooling with extracorporeal circulation versus slow,
uncontrolled cooling during accidental hypothermia).
Most of our knowledge about the protective as well as
detrimental effects of hypothermia is derived from experi-
mental and clinical data during controlled cooling with use
of extracorporeal circulation. It is unclear whether and how
these data can be extrapolated to patients with severe acci-
dental hypothermia.

Effects of hypothermia on the myocardium

Hypothermia alters myocardial conduction and results in
ECG abnormalities like progressive bradycardia, Q–T pro-
longation, QRS prolongation, and the “J” wave.31 Cooling of
the heart increases the risk for arrhythmias. Atrial fibrilla-
tion is common early during cooling;16,17 when body core
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Table 57.1. Symptoms of accidental hypothermia

Mild hypothermia Moderate hypothermia Severe hypothermia

35 C–32 C 32 C–28 C 
 28 C

Motor function Involuntary shivering Shivering gradually disappears Muscles and joints rigid

Cerebral function Intellectual impairment Consciousness Deep comaa

Agitated, feels intensely cold increasingly depressed Pupils may be fixed, dilated

Respiratory function Hyperventilation Increasing respiratory depression Hypoventilationb

Increased bronchial 

secretion

Cardiocirculatory Hypertension, tachycardia Supraventricular tachyarrhythmias Bradycardiab

function Strong central pulses Only central pulses palpable Danger of ventricular 

fibrillation

Pulses may be undetectable

a Electroencephalogram becomes isoelectric at a core temperature of 20 C; b asystole and respiratory arrest occur at a core temperature

around 23 C.



temperature falls below 30 °C, the likelihood for ventricular
arrhythmias and ventricular fibrillation is also markedly
increased.2,3,16,17 Possible explanations for the increased
irritability of the myocardium during hypothermia are the
alterations in the membrane potential secondary to defects
of membrane ion channels.32,33 Consequently, in experi-
mental studies antiarrhythmic drugs like bretylium
increase the threshold for ventricular fibrillation in the
hypothermic heart.34–36 Hypoxia, acid–base disturbances,
high levels of endogenous catecholamine, myocardial tem-
perature gradients, and rapid endocardial cooling caused
by a sudden return of cold blood from the shell of the body
(afterdrop) may be additional mechanisms contributing to
myocardial irritability during clinical hypothermia.2,4,9

Acid–base balance during hypothermia

A unique problem in patients with severe accidental
hypothermia is the management of their acid–base
balance.37 Electromechanical neutrality is temperature-
dependent and to maintain electromechanical neutrality,
pH must increase when temperature decreases. In an
electromechanically neutral cell, pH will be 7.40 at 37°C,
but 7.80 at 20 °C. When temperature decreases, the solubil-
ity of gases in blood will increase. Consequently, when
keeping total CO2 content in blood constant, the increased
solubility will result in a reduction in PCO2. For example, a
given blood CO2 content corresponds to a PCO2 of 40
mmHg measured at 37 °C, but only to a PCO2 of 16 mmHg
when measured at a blood temperature of 20 °C. Taken
together, this causes a situation where electromechanical
neutrality is maintained with temperature changes.
Electromechanical neutrality is thought to be essential for
the preservation of many cellular processes, e.g., the
optimal function of the imidazole buffering system.21,37

In clinical practice, blood samples are heated to 37°C
before measuring the acid–base status (temperature uncor-
rected values). With use of the software of the blood gas
analyzer, the values for a given blood temperature can be
calculated with the help of nomograms (temperature cor-
rected values). For patient management either corrected
or uncorrected PCO2 values can be taken. Choosing uncor-
rected values will keep the CO2 content constant and
maintain electromechanical neutrality (alpha-stat acid–
base management), whereas choosing the temperature-
corrected values will increase total CO2 content and
keep pH constant (pH-stat acid–base management).21,37

Whether an alpha- or pH-stat regimen should be used
during severe hypothermia is a matter of debate. Some
experimental animal and clinical data from pediatric
cardiac surgical patients indicate that using a pH-stat

regimen may improve neurological outcome after car-
diocirculatory arrest, reduce myocardial irritability, and
increase tissue oxygen delivery.21 Results are inconsis-
tent, however, and are limited to short-term controlled
hypothermia. Therefore, most clinicians use an alpha-stat
approach, not only because the preponderance of evidence
supports the use of uncorrected blood gas values at least in
adult patients,16 but also because CO2 to be added to the
inspired gas is rarely available in emergency departments
or intensive care units. To reach a sufficient CO2 accumula-
tion for pH-stat management solely by hypoventilation
necessitates a degree of hypoventilation that will result in
alveolar collapse and hypoxia.16,38

Experimental models of hypothermic cardiac
arrest

Several experimental studies in animal models of hypo-
thermic cardiopulmonary resuscitation have been pub-
lished during the last few years. These studies have
improved our knowledge and understanding of therapeutic
interventions for hypothermic cardiac arrest. Experimental
animal data may be of particular interest for evidence-
based decision-making, as so far no prospective clinical
studies of hypothermic CPR have been published.

External chest compression 

Little was known about the efficacy of external chest com-
pression during hypothermia before Maningas studied
organ blood flow produced by conventional closed-chest
CPR in a swine model in 1986.39 Maningas demonstrated
that, when compared to normothermia, blood flow during
hypothermic CPR was lower when comparable forces of
chest compression were used, but that it did not decrease
over time. The reduced organ blood flow with standard
compression forces may be caused by changes in the visco-
elastic properties of the thorax during hypothermia. That
blood flow is maintained during prolonged external chest
compression can be explained by the profound vaso-
constriction potency of deep hypothermia. These experi-
mental data suggest that increasing the force of chest
compression may improve blood flow, although it is not
known whether this increases the risk for CPR-associated
injuries. 

Drug administration and defibrillation 

Several recent experimental studies have focused on the
effects of drug administration on coronary perfusion
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pressure and success of defibrillation. Drug administra-
tion is controversial when the core temperature is below
30 °C.40,41 Vasopressor drugs may not be necessary because
of the vasoconstrictor potency of severe hypothermia.
Furthermore, antiarrhythmic drugs may not be effective
during hypothermia and any drug administered repeat-
edly may accumulate to toxic levels owing to decreased
metabolism.5

Experimental studies demonstrated that coronary per-
fusion pressure during hypothermic CPR increases to a
level necessary for restoration of spontaneous circulation
only after administration of epinephrine or vasopressin,
clearly questioning the assumption that vasopressor drug
administration is neither necessary nor effective during
hypothermic CPR.40,41 In accordance with these experi-
mental data, restoration of spontaneous circulation after
vasopressor drug administration has been described in
case reports of hypothermic clinical CPR.42–45 Vasopressor
drugs, however, may be necessary only after prolonged
periods of cardiac arrest. After a short 4-minute period of
hypothermic cardiac arrest, coronary perfusion pressure
has also been maintained around the threshold associated
with restoration of spontaneous circulation without drug
administration.46 The increase in coronary perfusion pres-
sure associated with administration of vasopressor drugs
facilitates transient restoration of spontaneous circula-
tion.40 Without concomitant rewarming efforts, however,
no positive effects on long-term survival rates were
observed. By contrast, when combined with warm fluid
thoracic lavage at 40 °C, 0.4 U/kg of vasopressin signifi-
cantly improved 1-hour survival rate.41 Kornberger et al.
demonstrated a significantly enhanced mixed venous
hypercarbic acidosis and a deteriorated CPR outcome after
treatment with epinephrine.46 This is most likely due to the
beta-mimetic side effects of epinephrine and, at least in
this pig model of hypothermic CPR, vasopressin may be
the vasopressor drug of choice. Two further animal studies
demonstrated no positive effects of the antiarrhythmic
drug amiodarone alone or in combination with vaso-
pressin on success of defibrillation during hypothermic
CPR.47,48

A recent experimental animal study evaluated the
energy requirements for defibrillation during normother-
mia and hypothermia.49 Interestingly, severe hypothermia
(30 °C) decreased energy requirements for defibrillation
after ventricular fibrillation of short duration. At energies
of 20 Joule (J), 30 J, and 50 J the percent success of defibril-
lation was higher in severe hypothermic conditions.
Moderate hypothermia (33 °C) did not affect energy
requirements. These findings cannot be explained by a
change in transthoracic impedance and transthoracic

current, because transthoracic impedance rose and
transthoracic current fell. The mechanism for the reduced
energy requirements during hypothermia is unknown, but
it may be due to altered electrophysiologic or mechanical
properties of the hypothermic myocardium.

Clinical management of the hypothermic patient
with cardiac arrest

Hypothermic cardiac arrest in the prehospital setting

Because accidental hypothermia may be associated with a
multitude of clinical conditions, there is a real risk of over-
looking it.50 Recognition in the prehospital environment is
nevertheless important, because of the increased risk for
lethal arrhythmias and the good prognosis even during
prolonged cardiopulmonary arrest.2,51 Basically, the possi-
bility of accidental hypothermia should be kept in mind in
any patient with a decreased level of consciousness.
Depending on the degree of hypothermia, the clinical con-
dition may vary from obtundation to deep coma.9,16

Sometimes external causes for hypothermia may be
obvious, e.g., immersion of the victim in cold water. The
potential for significant hypothermia is often less evident,
e.g., indoors if subjects are immobile, there is insuffi-
cient heating, and drug or alcohol intoxication (“urban
hypothermia”). In particular, elderly people seem to be at a
increased risk.9 Profoundly hypothermic patients found
outdoors may be considered dead by inexperienced care
providers despite a perfusing rhythm, because of the
absence of a palpable pulse, shallow and slow breathing,
the paleness of the skin, and the stiffness of the limbs.4,5 In
the prehospital setting, resuscitation should be withheld
only if the patient has obvious lethal injuries, hypothermia
clearly followed normothermic cardiac arrest, or the body
is completely frozen, making CPR impossible.5

Temperature monitoring
Reliable diagnosis of accidental hypothermia necessitates
prehospital determination of body core temperature.
Although various sites and different methods to deter-
mine body core temperature in the prehospital environ-
ment have been described.2,51,52 The optimal method is
controversial. Theoretically, without the possibility of
measuring body temperature, a rough estimate can be
obtained by feeling the warmth of a central part of the
body that has not been in direct contact with the cold envi-
ronment (e.g., abdomen in a person lying on the back).
According to clinical experience, if the skin feels cold to
the examiner’s hand, hypothermia should be suspected.
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Measurements of tympanic membrane temperature are
widely used in European emergency medical systems.
These measurements are simple and fast to obtain, but
may be inaccurate if the victim has been submerged and
the ears are wet or full of snow.51,52 Prehospital measure-
ments are best done with an electrical thermistor probe, as
the reliability of infrared emission thermometers in the
prehospital environment has been questioned.53 Other
sites accessible for prehospital measurements are the
nasopharynx, the esophagus, and the rectum, but appro-
priate probes and monitors are rarely available in the
prehospital environment. Conventional thermometers
generally lack a scale that displays temperatures below
32–33ºC. Rectal temperature measurements require
undressing of the patient and the thermometer must be
inserted deep enough to give accurate readings. Insertion
of an esophageal temperature probe may induce arrhyth-
mias.2,8 Nasopharyngeal temperature measurements
often do not give a reasonable estimate of core tempera-
ture in the prehospital environment.

General assessment
The most feared complication in the prehospital manage-
ment of patients with severe accidental hypothermia is a
sudden cardiocirculatory collapse during rescue or evacu-
ation (“hypothermic sudden cardiac death,” “circum-
rescue collapse,” “sheltering death”).2–4,51 “Circum-rescue
collapse” occurs almost exclusively at a core temperature
below 30ºC, and cardiac arrest is usually due to ventricular
fibrillation.3,8 Although there is no solid scientific evidence
that ventricular fibrillation is provoked by patient move-
ments, clinical experience suggests that a perfusing
rhythm often turns into ventricular fibrillation during
rescue or initial patient assessment.4,16,51 Therefore, if
hypothermia is suspected, the operator should avoid any
brisk maneuver and unnecessary movements and evacu-
ate and assess the patient as smoothly as possible. It has
been argued that movements of the patient mobilize and
transfer cold blood from the shell to the center of the body,
causing a sudden further decrease in core temperature of
1 ºC–2ºC (“afterdrop”).8,9 This may induce ventricular fib-
rillation, but solid scientific evidence is missing. After pro-
longed cold water immersion a different explanation for
sudden unexpected cardiocirculatory collapse (“post-
immersion collapse”) has been suggested.54,55 Rescue
from water is associated with a sudden loss of the hydro-
static pressure acting on the human body during submer-
sion, which may cause a marked decrease in myocardial
preload and arterial pressure. The phenomenon is
further enhanced by evacuating immersed victims verti-
cally.55 Consequently, evacuating immersed hypothermic

subjects horizontally is a recommended standard proce-
dure for most sea rescue crews.55

Diagnosis of cardiopulmonary arrest in the prehospital
setting
Signs of life are often hard to detect in patients with severe
hypothermia as there is a marked reduction in heart rate,
respiratory rate, and cardiac output. Diagnosis of hypo-
thermic cardiopulmonary arrest is therefore often difficult
for the lay rescuer or emergency medical personnel not
equipped with an ECG.5 Consequently, the determination
of the patient’s cardiac rhythm with the help of an ECG in
the prehospital environment has a high priority in a sus-
pected cardiac arrest situation. In an obviously lifeless
person, besides VF or asystole, an organized bradycardic
rhythm without a detectable pulse may be found. In
the case of severe hypothermia, slow, weak myocardial
contractions may generate a cardiac output sufficient
temporarily to meet the reduced demands of the hypother-
mic brain. Starting external chest compression will often
convert this organized rhythm into ventricular fibril-
lation.2,4 In extreme bradycardia, it is difficult to decide
whether external chest compression should be started or
the patient should be transported to hospital without CPR.
Although controversial, it may be reasonable to start exter-
nal chest compression as long as CPR can be maintained
without any major interruptions until hospital admission.

Basic and advanced cardiac life support in the
prehospital setting
Alterations in the technique of basic life support have
been suggested for patients with severe hypothermia.4,8

Nevertheless, standard ventilation and external chest
compression are performed by most clinicians. There is
little scientific evidence supporting suggestions to
increase the force of chest compression or to reduce the
rate to half of normal. The hearts of hypothermic patients
undergoing internal cardiac massage were described as
“frozen stiff” and “hard as stone”.12 Therefore, the effi-
ciency of external chest compression has been questioned
as the myocardium is obviously not compressible.12

Considering the large number of hypothermic patients
successfully resuscitated after prolonged periods of exter-
nal chest compression, however, conventional external
chest compression obviously provides sufficient blood
flow to sustain life. The efficiency of external chest com-
pression is best explained by blood flow generated by a
general increase in intrathoracic pressure (thoracic pump
mechanism) rather than by direct compression of the
heart.56 This is supported by findings from an echocardio-
graphic study that showed blood flow generated by the
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thoracic pump mechanism in hypothermic patients with
a non-compressible myocardium.57

In the hypothermic patient, ventricular fibrillation often
persists despite defibrillation or recurs immediately after
defibrillation.2,3 Nevertheless, up to three attempts at defib-
rillation to terminate ventricular fibrillation are generally
recommended.5 If VF continues or recurs, immediate trans-
fer to an appropriate hospital during ongoing CPR is
recommended. Because there is no evidence that prehospi-
tal drug administration will increase the success of further
attempts at defibrillation,40,48 transfer to hospital should
not be delayed by any time-consuming attempts to obtain
intravenous access for drug administration. Asystole often
indicates prolonged arrest times, concomitant asphyxia, or
hypothermia developing after normothermic cardiorespi-
ratory arrest. If standard CPR efforts fail, the prognosis of
each patient has to be assessed individually on the basis of
history and clinical presentation. If the patient is consid-
ered to be potentially salvageable, immediate transfer to an
appropriate hospital for rewarming should occur without
further delay. There seems to be no reliable correlation
between initial cardiac rhythm and outcome as long as
cardiac arrest is primarily due to hypothermia.58

Whenever possible, an arrested hypothermic patient
should be transferred to a hospital with cardiopulmonary
bypass capability.59 Patients tolerate much longer periods
of conventional CPR during hypothermia.6,7 Therefore, the
closest hospital is not necessarily the best choice if a center
with cardiopulmonary bypass is within reasonable range.
Excellent outcome has been reported even after hours of
external chest compression before institution of car-
diopulmonary bypass.10,11 Advance notification of the
incoming patient is essential to cut treatment delays, and
where possible CPR should be continued without major
interruptions during patient transfer. Prevention of further
heat loss in hypothermic patients in cardiac arrest is rec-
ommended,5 but efforts to rewarm these patients should
be withheld until hospital admission.59

In-hospital treatment of patients with hypothermic
cardiac arrest

Decision to rewarm and resuscitate
The first decision to be made is whether prolonged resus-
citation and rewarming efforts should be started in a
patient admitted with hypothermic cardiopulmonary
arrest. Considering the protective effects of hypothermia,
basically the term “nobody is dead unless warm and dead”
should be applied. Lifesaving procedures should never be
withheld on the basis of clinical presentation alone.1,5 On
the other hand, mortality of hypothermic cardiac arrest is

high in many case series despite aggressive resuscitation
efforts.13,60,61,62 Risk factors associated with poor outcome
have been identified and may help to determine when to
stop resuscitation (Fig. 57.1). Asystole often indicates con-
comitant asphyxia or hypothermia following normother-
mic cardiac arrest. In a hypothermic patient, asystole
occurs at a core temperature below 23 °C.4,16,17 Asystole
with a higher core temperature typically indicates that
factors apart from hypothermia have contributed to car-
diopulmonary arrest. Ventricular fibrillation occurs in
patients suffering from hypothermic sudden cardiac death
and prolonged resuscitation is normally justified as it is in
all patients with witnessed cardiocirculatory collapse.2,3,10

Patients with a history of exposure to cold have a markedly
better prognosis when compared to victims with a history
of near drowning or snow burial after avalanche acci-
dents.10,13,58,62 Hypothermia after near drowning nor-
mally indicates prolonged submersion, significant tissue
hypoxia, and an extremely poor prognosis.63,64 Only in case
of documented very rapid cooling in ice water protection
from ischemic injury can be expected. Survivors of ice
water-drowning normally have submersion times of less
than 40 minutes with a documented maximal submersion
time of 66 minutes.4,14 Most avalanche victims die from
asphyxia and only become hypothermic thereafter.
Hypothermia should be considered as underlying reason
for cardiac arrest in those few avalanche victims with a
history of prolonged snow burial and a documented air
pocket at extrication.65 Body core temperature per se does
not seem to determine outcome, except that a significant
protective effect should be expected only in patients with a
core temperature below 30 °C. The lowest body core tem-
perature documented for a survivor of accidental
hypothermia is 13.7 °C, and for a survivor of intentional
hypothermia the temperature is 9 °C.66,67 A plasma potas-
sium level exceeding 10 mmol/l may be used to support
the diagnosis of irreversible cardiopulmonary arrest.13,61,62

Survival may be possible despite extraordinarily high
plasma potassium concentrations in patients with exten-
sive local freezing injuries.68,69 On the other hand, plasma
potassium levels exceeding 10 mmol/l are a recom-
mended, clinically useful triage criterion in avalanche
victims.65 Taken together, there is no single factor that reli-
ably predicts irreversible cardiopulmonary arrest in the
individual hypothermic patient. Common sense and good
clinical judgement often allow identification of those
hypothermic arrest victims without a reasonable hope of
survival. Determining the prognosis of an individual
patient is particularly important when several hypother-
mic arrest victims are admitted simultaneously in
avalanche or climbing accidents.
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Prevention of cardiocirculatory collapse during
in-hospital treatment
Sudden unexpected ventricular fibrillation (hypothermic
sudden cardiac death) is not unusual during in-hospital
treatment of patients with a core temperature below
28 °C.2,3,10 Precautions to avoid sudden cardiac death are
therefore important in the treatment of severe accidental
hypothermia. Although there are no formal studies, it is
widely recommended that any direct irritation of the heart
(Swan-Ganz catheter, invasive pacing) be avoided and to
reduce active and passive movements to a minimum.2,3,9,16

Insertion of an esophageal temperature probe or of a
gastric tube, bladder catheterization, and placement of a
thoracostomy tube2,4,44,70,71 have all been proposed as trig-
gers inducing ventricular fibrillation. The clinician may be
well advised to reduce stressful or painful interventions to
a minimum. Endotracheal intubation can provoke ventric-
ular fibrillation in profoundly hypothermic patients,72,73

although this is a very rare event, and it is widely accepted
that the advantages of a secure airway and adequate oxy-
genation outweigh the potential risk of provoking life-
threatening arrhythmias.2,5,16 Rapidly rewarming patients
with a core temperature below 28 °C by using an invasive
method of active internal rewarming should keep the risk

interval for ventricular fibrillation short.5,16 The efficiency
of invasive active internal rewarming techniques such as
hemodialysis or body cavity lavage is variable, however,
and often there is a significant discrepancy between exper-
imental and clinical efficiency.16,74–77 Studies demonstrated
that forced air rewarming may be a non-invasive, effective
and safe alternative for treatment in smaller hospitals.78–80

Bretylium increases the threshold for ventricular fibrilla-
tion during hypothermia and chemical defibrillation after
bretylium administration has been reported in a hypother-
mic patient.35,81 Amiodarone has no documented anti-
arrhythmic effects during hypothermia.47,48 Prophylactic
administration of antiarrhythmic drugs to avoid hypother-
mic sudden cardiac death is neither recommended nor
widely used.5

Assessment of vital organ perfusion during profound
hypothermia
Diagnosis of cardiocirculatory arrest is straightforward in
hypothermic patients with asystole or ventricular fibrilla-
tion. Diagnosis of inadequate vital organ perfusion,
however, may be a problem in patients presenting with
extreme bradycardia or unrecordable blood pressure.
Extreme bradycardia and weak myocardial contractions
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–  witnessed cardiorespiratory arrest

–  ventricular fibrillation

–  documented signs of life during rescue/ evacuation

continue CPR to core temperature > 32 ºC

–  history of concomitant  asphyxia 

e.g., near drowning or avalanche accident

– extensive local freezing injuries 

Consider terminating CPR if:

–  plasma potassium > 10 mmol/l in adults

–  plasma potassium > 12 mmmol/l in children

–  ice water submersion time  > 80 minutes

yes

yes

no

no

yes

Do not terminate CPR based on  

plasma potassium determinations 

Consider terminating CPR if:

plasma potassium > 10 mmol/l in adults 

plasma potassium > 12 mmmol/l in children yes

–  found outside without signs of life 

–  cooling after normothermic arrest possible  

no

Fig. 57.1. Severe accidental hypothermia with cardiac arrest: in-hospital decision-making and management.



may generate a blood flow adequate for the reduced
demands during profound hypothermia.5 The use of
Doppler ultrasound probes to detect minimal cardiac
output and peripheral blood flow has been suggested.5 The
lowest level of blood pressure that can be tolerated,
together with a certain degree of hypothermia, is unknown.
Experimental animal data suggest that blood pressure is
physiologically reduced to about 50% of baseline at a core
temperature of 25 °C.82 Autoregulation of cerebral blood
flow is maintained to a mean arterial pressure as low as
30 mmHg in previously healthy individuals.83,84 On the
other hand, clinical experience demonstrates that many
hypothermic patients present with normal arterial pressure
despite severe hypothermia, and in some clinical studies
low systolic blood pressure was a marker of poor progno-
sis.4,85 Interpretation of hemodynamic findings is further
obscured by pre-existing cardiovascular diseases, con-
comitant trauma, or hypovolemia. Sometimes, an obvious
discrepancy between the degree of hypothermia and the
severity of the hemodynamic compromise may raise
doubts that hypotension is solely associated with hypother-
mia. Furthermore, the therapeutic options to correct
bradycardia or hypotension are limited and often contro-
versial. Whether catecholamines, volume load, or vasopres-
sor drugs increase cardiac output and blood pressure or if
they can be used safely during hypothermia is controversial
and not well studied.85–88 The efficiency of beta-adrenergic
drugs like isoprotenerol in increasing heart rate during
hypothermia is controversial.86,87 Pacing may improve
hemodynamics during hypothermia,89 but invasive trans-
venous pacing is normally not used as it may induce
ventricular fibrillation. The safety and efficiency of transcu-
taneous pacing has been documented only in a single
animal study.89 Most clinicians would agree to start external
chest compression in the in-hospital environment in all
hypothermic patients without palpable central pulses or
with unrecordable blood pressure, despite the presence of
an organized activity in the ECG.

Advanced cardiac life support after hospital admission
Conventional approaches to CPR are often not effective
in hypothermic patients with a core temperature below
28 °C.3,5,9 Repeated administration of epinephrine often
proves futile and may damage the heart and result in drug
accumulation and delayed toxicity.5 More than three
attempts at defibrillation are considered to be a waste of
time without previous rewarming of the myocardium.5 On
the other hand, restoration of spontaneous circulation
has been reported in hypothermic patients with a core
temperature below 28 °C.80,90 Electromechanical cardiac
activity can be reestablished in patients with a rectal tem-

perature below 20 °C.80,91 In several case reports, restora-
tion of spontaneous circulation has been reported in close
timely association of administration with epinephrine or
vasopressin.8,42,80 In addition, experimental animal data
demonstrate that vasopressor drugs increase coronary
perfusion pressure during hypothermic CPR (experimen-
tal models of hypothermic cardiac arrest). The increase in
coronary perfusion pressure may result in an improved
CPR outcome when combined with rewarming or after
prolonged cardiopulmonary arrest.41,42 Thus, a pragmatic
approach may be to administer at least a single dose of epi-
nephrine or vasopressin. Experimental data available do
not support the use of antiarrhythmic drugs during
hypothermic CPR.47,48 It is difficult to perform good quality
manual CPR for prolonged periods, because chest com-
pression causes operator fatigue after a few minutes. Use of
portable mechanical chest compression devices may
achieve an improved and more consistent blood flow.92

Open chest CPR is an option during prolonged in-hospital
resuscitation. Based on his experience in 11 hypothermic
patients, Brunette suggested that early emergency room
thoracotomy and internal cardiac massage may improve
outcome.71 Nevertheless, in most institutions external
chest compression is the preferred method during pro-
longed CPR efforts. It is perhaps of minor importance how
advanced cardiac life support is performed in a hypother-
mic patient as long as measures do not delay rapid core
rewarming in patients without immediate restoration of
spontaneous circulation (Table 57.2).

Rewarming options
For hypothermic patients with prolonged cardiac arrest
the most important cornerstone of in-hospital resuscita-
tion is initiation of rapid core rewarming.5 Despite the
lack of prospective randomized studies, it is widely
accepted that extracorporeal circulation is the method of
choice to rewarm arrested hypothermic patients.3,5,10

When extracorporeal circulation is not available within
a reasonable time, successful resuscitation is possible
by use of alternative methods of core rewarming
during ongoing CPR.5,71,77,80 Successful resuscitation
has been described using non-invasive methods of
active rewarming;80,93,94 nevertheless, invasive methods of
active internal rewarming are the recommended thera-
peutic approach.5 Experience with peritoneal dialysis,
hemodialysis, or warmed fluid thoracic lavage has been
reported.5,74,75,77 The combination of closed chest thoracic
lavage with external chest compression seems to be a rea-
sonable, minimal invasive choice suitable for most hospi-
tals (Table 57.3).77,95–97 Spontaneous circulation was
restored in the majority of patients within 2 hours in a
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recently published review on the use of thoracic lavage in
arrested hypothermic patients.77 It is possible that prefer-
ential rewarming of the heart during thoracic lavage
re-establishes electromechanical activity of the heart
more rapidly.77,95 Experimental animal data suggest that
supporting coronary perfusion pressure with vasopressin
during rewarming may enhance restoration of sponta-
neous circulation.41

Cardiopulmonary bypass rewarming for hypothermic
cardiac arrest 

Historical notes
Cardiopulmonary bypass was introduced by Gibbons
more than 50 years ago.98 This technique enables perfusion
of the body with oxygenated blood while the heart is
arrested. Barratt-Boyes and Kirklin introduced hypother-
mic circulatory arrest for correction of complex congenital
defects and operations involving the aortic arch.98,99 On the
basis of these two techniques, Althaus et al. successfully
applied cardiopulmonary bypass rewarming to patients
with accidental hypothermia and cardiac arrest.12

Cardiopulmonary bypass rewarming spread rapidly and

has been used worldwide, with mixed results. Reasons for
poor outcome are mainly related to indications involving
asphyxiated or multitraumatized patients who are either
brain-dead due to anoxia, or who develop severe cerebral
hemorrhage due to heparinization.10,100,101

Indications for cardiopulmonary bypass rewarming 
Patients in hypothermic cardiac arrest, without signs of
asphyxia or severe brain trauma, are optimal candidates for
cardiopulmonary bypass rewarming. Severe hypothermia
with impaired cardiorespiratory function can also indicate
the need for cardiopulmonary bypass rewarming if the
patient is admitted to a hospital with a cardiac surgery

1022 P. Mair et al.

Table 57.2. Key points for the in-hospital treatment of
hypothermic cardiac arrest

• Defibrillate three times in case of ventricular fibrillation

– Consider further attempts after a single dose of

epinephrine or vasopressin

• Consider epinephrine or vasopressin in case of asystole

• Check whether blood flow is sufficient to sustain life despite

extreme bradycardia

– Thoroughly check for weak central pulses

– Consider use of a Doppler ultrasound probe to detect

cardiac output

• Decide whether prolonged resuscitation  and rewarming is

justified

• Check for availability of cardiopulmonary  bypass rewarming

– Advance notification will cut treatment delays

– Consider an alternative rewarming technique when transfer

time to cardiopulmonary bypass exceeds 3 hours

• If prolonged periods of external chest compression are

anticipated

– Check for the availability of a mechanical chest

compression device 

– Change resuscitator to avoid poor CPR performance due to

fatigue 

• Check for alternative rewarming strategies if cardiopul-

monary bypass is not an option

– Closed chest thoracic lavage is a minimal invasive, widely

available option

Table 57.3. Suggestion for a minimal invasive treatment
protocol for hypothermic cardiac arrest using closed
chest thoracic lavage

• Continue external chest compression and consider use of a

mechanical compression device

• In case of previous thoracic surgery or thoracic trauma,

consider an alternative approach

– Surface for heat exchange may be limited due to pleural

adhesions

• Insert two large bore chest tubes into the left hemithorax

– One in the mid clavicular line into the second to fourth

intercostal space

– One in the mid axillary line into the fifth to sixth intercostal

space

• Infuse 40 C warmed fluid into the mid clavicular chest tube

– Actively inject with commercially available pressure-driven

fluid warmers

– Infusion by gravity may be sufficient 

– Use sterile saline if available (use of tap water has been

reported) 

• Connect standard thoracostomy drainage container to mid

axillary chest tube

– Monitor effluent output to avoid intrathoracic

hypertension 

• Defibrillate every 15 to 20 minutes of rewarming at least three

times 

– Consider application of vasopressin or epinephrine before

defibrillation

– Preferential rewarming of the heart enables defibrillation at

low core temperature 

• Consider two additional chest tubes in the right hemithorax in

case of slow rewarming 

– Rewarming rates of 3 C to 4 C/hour should be achieved 

• Rewarm to a core temperature�32 C before terminating CPR

efforts

• Consider use of prophylactic antibiotics after restoration of 

spontaneous circulation



unit.62,102,103 Hypothermic patients without cardio-
respiratory arrest can be rewarmed with less invasive
or non-invasive methods, such as forced air warming.5,43,78,79

The latter method is increasingly used in even severely
hypothermic patients with good results and is applicable
also in small hospitals and for multitraumatized
patients.43,78,79 Possible contraindications to cardiopul-
monary bypass rewarming are multisystem-trauma, espe-
cially with brain injury since normally a certain level of
heparinization is required during cardiopulmonary bypass
rewarming.104 Anticoagulation is necessary even though
most hypothermic patients suffer from a severe coagulation
disorder. This coagulation disorder may correct itself partly
during rewarming, leading to thrombus formation in the
cardiopulmonary bypass circuit. Recently, fully heparin-
coated cardiopulmonary bypass circuits have permitted the
use of lower doses of heparin and, in one published case, the
avoidance of any heparinization during cardiopulmonary
bypass rewarming.69

Advantages and limitations of cardiopulmonary bypass
rewarming 
The advantages of cardiopulmonary bypass rewarming
certainly outweigh the limitations: rapid preferential core
rewarming, immediate adequate perfusion and oxygena-
tion of vital organs such as the brain, improved blood rhe-
ology, and rapid correction of homeostasis (e.g., acid–base
balance). Insertion of a hemofilter into the bypass system
allows elimination of noxious substances in cases of intox-
ication.10 Nonetheless, some limitations of cardiopul-
monary bypass rewarming should be considered. The rate
of rewarming with cardiopulmonary bypass is around 8°C
per hour.10,11 It is not clear whether such rapid rewarming
is necessary or could even prove harmful.105,106 During
cardiac surgery fast cooling and rewarming rates are used
routinely, but patients with induced hypothermia cannot
be compared to patients with accidental, uncontrolled
hypothermia. Furthermore, cardiac surgeons try to keep
the cardiopulmonary bypass time as short as possible to
prevent complications related to the time on an artificial
circuit.107,108 Considering reports of the efficiency of mild
hypothermia in preventing brain injury, it may be benefi-
cial to stop rewarming at a core temperature of 33–34 °C
and keep the patient mildly hypothermic for 12 to 24
hours.109 Edema formation is another common problem
observed after cardiopulmonary bypass rewarming. Most
patients in the study by Walpoth et al. developed pul-
monary edema already during rewarming,10 which proba-
bly represents a reperfusion injury and there is no reason
why a similar phenomenon does not exist in other organs,
such as the brain. 

Technical aspects of cardiopulmonary bypass
rewarming
Technically, cardiopulmonary bypass rewarming is a
minor intervention for experienced centers. In the adult
patient, peripheral femoral cannulation is preferred and a
standard cardiopulmonary bypass circuit or an extracor-
poreal membrane oxygenation system may be used.110,111

Extracorporeal membrane oxygenation systems allow car-
diopulmonary bypass rewarming outside the operating
theatre, e.g., in the emergency department or in an outside
hospital.111–113 Cannulation may be performed percuta-
neously, allowing rapid cannulation during ongoing
CPR.110,111 In children and infants sternotomy and central
cannulation is preferred. In some centers initially low flow
perfusion is used,10 for a few minutes, after which flow
rates and temperature are increased step-wise, keeping in
mind never to exceed a temperature gradient of 10°C
between the perfusate and the patient’s core temperature.
With rising temperature, the flow will be increased to cal-
culated full flow values.10 Defibrillation will occur sponta-
neously in about 50% of the cases when the temperature
rises above 30 °C; defibrillation attempts below 27 °C are
rarely successful.5,10 After weaning from cardiopulmonary
bypass care should be taken rigorously to correct the
bleeding disorder since there is a synergy of heparin and
hypothermia-induced coagulopathy.

Outcome of cardiopulmonary bypass rewarming
The outcome of patients with hypothermic cardiac arrest
without asphyxia or brain trauma was excellent in a long-
term follow-up study after cardiopulmonary bypass
rewarming.10 Nearly all patients had severe transient pul-
monary, brain, or kidney dysfunction immediately after
rewarming. Interestingly, cardiovascular complications
were rare, probably because of the longer ischemic toler-
ance of the heart compared to other organs.10 Outcome
after cardiopulmonary bypass rewarming has been
described predominantly in case reports or small case
series. As most patients not successfully resuscitated will
not be reported, it is difficult to determine the exact mor-
bidity and mortality of cardiopulmonary bypass rewarm-
ing as long as no international registries that include failed
patients have been formed.

Summary

Hypothermic patients have survived prolonged periods of
untreated cardiac arrest and resuscitation efforts lasting
for hours owing to the protective effects of low body core
temperature. Standard protocols for advanced cardiac life
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support often prove futile in profoundly hypothermic
patients and aggressive core rewarming is therefore a cor-
nerstone of any resuscitation effort. Cardiopulmonary
bypass rewarming is state-of-the-art for hypothermic
patients with cardiac arrest, providing that the technology
is available on an immediate basis.
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Introduction

Cardiac arrest from poisoning results from direct effects
on the cardiovascular or the central nervous system
(CNS). Cardiac effects may be caused by perturbation of
the autonomic system, antagonism of ion channels, or
interference with myocardial metabolism. CNS active
poisons cause cardiac arrest through either respiratory
suppression (leading to asphyxial arrest) or CNS stimula-
tion with seizures or severe agitation (and the resultant
metabolic abnormalities). Restoration of hemodynamics
often requires addressing the effects of the poisoning in
addition to standard treatment of cardiac arrest.

There are very few studies of specific treatment for
cardiac arrest from poisoning. The utility of some inter-
ventions, such as ensuring ventilation and oxygenation for
patients with cardiac arrest due to CNS depressants, is self-
evident. The last two ACLS updates include a section on the
treatment of cardiac arrest from poisoning.1,2 This section
was a major advance in that it recognized that cardiac
arrest from poisoning is a unique situation, but it also high-
lighted the lack of quality data in this area. If studies of
naloxone are excluded, the recommendations are based on
fewer than 500 patients, and most of these data are anec-
dotal.3 A few interventions have been studied systemati-
cally in animal models of severe poisoning, but there are no
systematic animal studies of therapy for cardiac arrest.
Given the lack of systematic data, the treatment of cardiac
arrest remains more art than science, and the standard of
care is poorly defined except for initial supportive care. The
recommendations in this chapter are a guide to clinicians,
but they should not be considered as standard of care.

Special considerations in the management of
cardiac arrest from poisoning

Although many different poisons cause cardiac arrest, the
initial treatment must start with standard life-support
measures. There are only a handful of specific antidotes
that require special consideration during cardiac arrest.
Table 58.1 includes the clinical manifestations and treat-
ment of several poisonings that commonly cause cardiac
arrest. Although these antidotes may reverse the car-
diotoxic effects, they are unlikely to restore perfusion, and
must be considered as adjuncts to standard cardiopul-
monary resuscitation. Antidotal therapies may help
reverse the cardiotoxic effects once perfusion has been
restored.

Cardiac arrest from poisoning often occurs in otherwise
healthy patients. If the patient’s hemodynamics can be
supported, there is a potential for recovery. When medica-
tions fail, extracorporeal support should be considered.4–14

For example, one animal study suggested that cardiopul-
monary bypass was superior to medical treatment for
amitriptyline poisoning.15 There is also a potential for neu-
roprotection if the patient is poisoned with barbiturates or
calcium channel blockers.16

Another consideration is that the optimal doses of com-
monly used vasoactive medications have not been deter-
mined for poisoned patients. In many common overdoses,
there is competitive or non-competitive antagonism of the
adrenergic receptors. Thus, for example, it is reasonable to
exceed the commonly recommended dose range for
adrenergic vasopressors.1,17 Details of treatment for spe-
cific poisons are considered below.
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Calcium channel blockers and beta-adrenergic
blockers

Although calcium channel blockers (CCB) and beta-
adrenergic blockers have very different mechanisms of
action, they produce very similar clinical manifestations
when taken in overdose. These medications account for
more poisoning deaths than any other cardiovascular
drugs and are the second and third most common causes
of death from non-narcotic prescription drug poisons.18

Pathophysiology

Calcium channel blockers, also known as calcium channel
antagonists, bind to and decrease the opening of L-type
cardiac and vascular calcium channels. At high doses, these
drugs may occupy the channel and completely block entry
of calcium, thus preventing the influx of calcium into the
cell that is required to activate contraction (or conduction)
in these organs. Patients will develop hypotension due to a
combination of vasodilatation, bradycardia, and decreased
myocardial contraction. Other effects include blocking
insulin release, with resultant hyperglycemia and ketosis.19

Beta-adrenergic receptor blockers, more commonly
known as beta-blockers, are competitive antagonists.

Bradycardia and hypotension are the major manifesta-
tions of toxicity from these drugs, which are categorized by
their selectivity for beta-1 or beta-2 receptor subtypes.
Propranolol also blocks cardiac sodium channels and may
produce toxicity similar to quinidine. A few beta-blockers,
such as pindolol, have partial beta-adrenergic agonist
activity,19 but it is not clear how these effects alter toxicity
following overdose.

Presentation and diagnosis

Calcium channel blocker or beta-blocker poisoning
should be suspected when a patient has hypotension,
heartblock, and profound bradycardia. Although the
hypotension is well tolerated initially, patients often dete-
riorate rapidly.

Treatment

There are several case reports of successful resuscitation
of patients in cardiac arrest after overdose from both
CCB and beta-blockers. These reports suggest that multi-
ple therapies, including high-dose calcium, adrenergic
agents, and glucagon are often required (see below).
Extracorporeal support, including cardiopulmonary
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Table 58.1. Presenting symptoms of poisons that commonly cause cardiac arrest and require specific antidotal therapy.
These treatments should be used as an adjunct to standard resuscitation measures

Presentation/symptoms Possible poisoning Treatment

Bradycardia,heartblock,ventricular Acute cardioactive steroid Digoxin Fab, magnesium, lidocaine,

or atrial ectopy, hyperkalemia ventricular pacing, amiodarone

Bradycardia, refractory hypotension Calcium channel antagonists, Calcium, high dose adrenergic 

beta-blocker agonists, glucagon

Bradycardia, vasodilatory shock, Cyanide Cyanide antidote kit, 

coma, profound acidosis hydroxocobalamine

Wide complex dysrhythmia, coma, Tricyclic antidepressants, Hypertonic sodium bicarbonate,

seizures chloroquine, cocaine high dose adrenergic agonists, 

high dose benzodiazepines

Ventricular fibrillation, shock, Hydrofluoric acid High dose calcium chloride 

profound hypocalcemia

Seizures, pulmonary edema, Acetylcholinesterase inhibitor High dose atropine, high dose 

vomiting/diarrhea, small pupils (insecticide or chemical weapon) benzodiazepines

Marked tachycardia, seizures, Theophylline Vasopressin, alpha-adrenergic 

vomiting, hypokalemia agonists, high dose benzodiazepines

Wide complex dysrhythmias, Sodium channel blocking drugsa Hypertonic sodium bicarbonate,

hypotension adrenergic agonists

a See thext for list of drugs reported to block sodium channels.



bypass and intra-aortic balloon pump, has also been used
to treat hemodynamically unstable patients.

Calcium, which has a rapid onset of effect, has been used
as first line treatment of hypotension and cardiac arrest
from CCB and beta-blocker overdose.20–24 There are also
reported failures of calcium therapy, however, possibly
because of inadequate dosing.25,26 One to 3 grams of
calcium chloride may be given as repeated boluses;
indeed, one patient required more than 30 g over 12
hours.27,28

Adrenergic vasopressors are of rapid onset, and should
be considered first line therapies for patients with hemo-
dynamic instability or cardiac arrest. Epinephrine is most
commonly used for treatment of cardiac arrest, but nor-
epinephrine and isoproterenol have been used success-
fully to treat hypotension from CCB poisoning.
Phenylephrine is less effective than other vasopressors in
animal models.29,30 Very high doses of vasopressors may be
effective when standard doses are inadequate.

Glucagon is considered the “antidote” for both beta-
blocker and CCB toxicity. Several animal studies suggest
that glucagon may reverse hypotension from these agents,
but human case reports are mixed.31–34 In animals and
humans the effects may not be noted for 15–30 minutes
after administration,30 suggesting that glucagon is at best
an adjunct to more rapidly acting drugs for patients in
cardiac arrest. The normal dose is 5–15 mg as a bolus, fol-
lowed by an infusion of 1–10 mg/hr.19

The most recent advance in the treatment of CCB toxi-
city is utilization of high-dose insulin therapy. Several
well designed animal trials have shown improved sur-
vival and metabolic indices compared to standard thera-
pies.36–40 and this therapy has also been used in several
human cases. The effects of insulin are not immediate,
and patients may not improve for 30 minutes or more.41

Therefore, insulin should be considered as a post-
resuscitation supportive treatment. The usual dose is
1 unit/kg as a bolus followed by a 1 unit/kg/hour
infusion. A glucose infusion is also started to maintain
euglycemia.

Non-adrenergic vasopressors are of uncertain efficacy.
Vasopressin increased mortality in an animal study of
verapamil poisoning.42 There are no compelling human
reports suggesting that vasopressin is effective for
hypotension or cardiac arrest in the setting of vera-
pamil poisoning. Animal studies of phosphodiesterase
inhibitors gave mixed results.43,44 In several case reports
amrinone was used as an adjunct to other vasopres-
sors, and phosphodiesterase inhibitors are a reason-
able adjunctive therapy for patients with refractory
hypotension.34,45,46

Stimulants

Cocaine and amphetamine derivatives are the most com-
monly encountered CNS stimulants. As most patients are
not taking these drugs with self-harm intent, cardiac
arrest is a rare complication of their use. Nevertheless,
stimulants still account for several thousand deaths each
year. Most intensivists and emergency physicians will
have to care for critically ill patients intoxicated with these
drugs.

Pathophysiology

Stimulants act directly on the brain to cause agitation and
seizures.47 Activation of the sympathetic nervous system
can also cause vasospasm. In addition, cocaine blocks
cardiac sodium channels, and patients may require spe-
cific treatment to reverse sodium channel antagonism (see
sodium channel blocking drugs below).47

Presentation and diagnosis

Most patients with stimulant intoxication present with rest-
lessness, anxiety, hypertension, tachycardia, and other
signs of sympathetic nervous system activation. Ventricular
tachycardia may be due to ischemia from increased oxygen
demand or vasospasm. Cocaine may produce a wide
complex tachycardia from direct antagonism of sodium
channels; these channels are pH-dependent, so that the
binding wide tachycardia most commonly occurs after a
seizure.48 Cocaine use can also cause subarachnoid hemor-
rhage, which may present as cardiac arrest.49

Treatment

There are several reports of successful treatment of cardiac
arrest from cocaine toxicity.48 These patients had severe
agitation and seizures followed by hemodynamic collapse.
Patients should be treated with benzodiazepines
(diazepam 5–20 mg i.v.) to control the seizures, sodium
bicarbonate (1–2 meq/kg i.v.) to reverse the myocardial
sodium channel antagonism, and epinephrine (1 mg i.v.)
to restore perfusion.48

Cocaine use is also associated with accelerated
atherosclerosis, vasospasm, and is prothrombotic.50–52

Thus, patients may present with sudden cardiac death
from an acute coronary occlusion precipitated by cocaine
use.53 In general, management of these patients is similar
to the management of other myocardial infarction
patients. Once perfusion has been restored, patients
with appropriate electrocardiographic criteria should be

1030 K. Heard and N. Paradis



considered for early revascularization. Patients with CNS
symptoms of sympathomimetic intoxication should be
sedated with benzodiazepines as described above?54,55

Beta-blockers are contraindicated in the setting of acute
cocaine poisoning.1

Asphyxiants/CNS depressants

These two types of poisons are considered together
because they both kill patients by producing systemic
hypoxia. Asphyxiants are gases that displace oxygen in the
atmosphere, producing a hypoxic environment. Common
asphyxiant gases include methane, propane, carbon
dioxide, and nitrogen, but any gas can become an asphyxi-
ant at high concentrations. Common CNS depressants
include ethanol, benzodiazepines, opioids, barbiturates,
and many other therapeutic and abused drugs. Although
some of these drugs may have effects beyond CNS depres-
sion (e.g., cardiodepression from high doses of barbitu-
rates, sodium channel antagonism from norpropoxyphene,
or cardiac sensitization from chloral hydrate), most cases of
cardiac arrest are due to respiratory depression and
hypoxia.

Pathophysiology

The importance of oxygen for cellular function has been
described in detail in several previous chapters. As
described above, simple asphyxiants cause hypoxemia by
decreasing the concentration of oxygen in the environ-
ment. This hypoxemia produces an initial increase in res-
piratory drive, and ventilation will increase until the
respiratory centers become depressed from hypoxia. CNS
depressant drugs inhibit respiratory centers and cause
hypoxia through hypoventilation.

Presentation and diagnosis

Patients exposed to asphyxiants usually develop signs of
hypoxia before losing consciousness. Upon removal from
the hypoxic environment, they often improve dramatically.
Persistent symptoms suggest that there is hypoxic brain
injury. Patients with a brief period of asphyxia may respond
rapidly to resuscitation once the heart is oxygenated.
Patients who suffer cardiac arrest due to hypoxia and
hypoventilation from CNS depressant toxicity may also
have a rapid return of circulation once myocardial oxygen
delivery is restored. Nevertheless, they do not usually have
a rapid return of consciousness, as the effects of the CNS
depressant remain.

Treatment

The key to treatment for cardiac arrest from exposure to
either asphyxiants or CNS depressants is to provide ade-
quate oxygenation as soon as possible. One study of pre-
hospital cardiac arrest from these poisons found that many
patients recovered pulses with CPR alone.56 There are no
specific animal studies of cardiac arrest due to poisoning
by CNS depressants, but high dose epinephrine or vaso-
pressin plus epinephrine is more effective at restoring cir-
culation than vasopressin, and improves survival in an
animal models of asphyxiated cardiac arrest.57 Whereas
there is no evidence that prolonged resuscitative attempts
are warranted, many of the CNS depressant medications
have been shown to have neuroprotective effects in animal
models of cardiac arrest and this clinical scenario is similar
to the pretreatment design of animal studies.16 This has led
to the recommendation that prolonged resuscitative
attempts may be warranted in these patients. There are no
controlled data, however, and this author was unable to
find any quality case reports to support this assertion.

Theophylline

Theophylline use has decreased dramatically over the past
10 years, with only 10 theophylline poisoning deaths
reported to US poison centers in 2003.18 Theophylline and
caffeine are both methylxanthines that occur naturally in
coffee and tea; more concentrated sources include energy
supplements and diet pills. Caffeine toxicity rarely results
in cardiovascular or neurologic effects, but when serious
toxicity occurs, the effects and management are similar to
those of theophylline.

Pathophysiology

Theophylline is an indirect activator of the adrenergic
system and this increases plasma catecholamines and
causes increased sympathetic activity.58 The methylxan-
thines do not cause severe peripheral vasoconstriction and
therefore patients are not usually hypertensive. Theophyl-
line is also a potent adenosine receptor antagonist, and this
effect may be the primary mechanism of therapeutic action.
Adenosine antagonism is responsible for the seizures that
are the hallmark of severe theophylline intoxication.59

Presentation and diagnosis

The diagnosis of theophylline toxicity should be consid-
ered when patients present with marked tachycardia,
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vomiting, and seizures.60 Most patients have a history
of pulmonary disease. Laboratory findings that suggest
theophylline poisoning include hypokalemia, metabolic
acidosis, and hyperglycemia.58

Treatment

The most common cause of cardiac arrest following theo-
phylline poisoning is ventricular dysrhythmias.60 A patient
with recurrent episodes of ventricular fibrillation and pro-
longed hypotension survived with repeated defibrillation,
lidocaine (a total of 240 mg/h), metoprolol (10 mg), benzo-
diazepines (20 mg diazepam followed by a midazolam
infusion of 5 mg/hour), electrolyte replacement, and
hemoperfusion once hemodynamics were restored.61

Another report of a patient with chronic theophylline
intoxication who developed cardiac arrest also was readily
defibrillated.62 In a series of 38 theophylline overdoses,
there were three cases of ventricular fibrillation and two
responded “promptly” to defibrillation.63 Finally, there is
one well documented case of a patient who developed
hypotension refractory to 160 mcg/min of epinephrine
and 250 mcg/min of phenylephrine. This patient survived
for 48 hours but was treated with several different com-
binations of vasopressors (including norepinephrine),
and ultimately developed ventricular dysrhythmias and
hypotension that were refractory to treatment.64

On the basis of these case reports, patients with ventric-
ular fibrillation in the setting of theophylline poisoning
should be treated with prompt defibrillation and lido-
caine. There are no reports of the use of amiodarone, but
it is a rational choice. Patients may require high doses of
adrenergic agents to maintain adequate blood flow. There
are no data on the use of vasopressin as a vasopressor for
theophylline overdose, but, given the role of endogenous
catecholamines in the adverse cardiovascular effects
of theophylline poisoning, it is a reasonable choice.
Vasopressin has been used to treat refractory hypotension
from caffeine poisoning.65 Beta-blockers have been used
successfully to treat the cardiovascular effects of theo-
phylline,66,67 and they should be considered for patients
who recover hemodynamics after cardiac arrest. Esmolol
should be administered to patients with persistent ectopy
or dysrhythmias and an adequate mean arterial pressure.
Low doses should be administered initially, after which the
dose should be titrated to control ventricular rate and
prevent ectopy.

Adenosine is an intriguing potential antidote for theo-
phylline poisoning. A 1-mg bolus of adenosine reversed
the hemodynamic effects of 50 mg/kg of theophylline in a
rat model;68 this would translate into very high doses

(approximately 200–400 mg) for a human. One theoretical
treatment that might be reasonable in severe cases is
administration of dipyramidole, which is an adenosine
uptake inhibitor, and may therefore prolong the activity of
adenosine. The dose used in cardiac stress testing is
0.56 mg/kg i.v. over 4 minutes.69

Hydrocarbon inhalation

Deliberate inhalation of hydrocarbon products (“huffing”,
“glue,” or “paint sniffing”) is a growing problem among US
adolescents.70 Death from hydrocarbon abuse may be
from dysrhythmias (“sudden sniffing death”) or from
asphyxia.

Inhalation of hydrocarbons must be differentiated from
aspiration of hydrocarbons. Inhalation does not cause
acute pulmonary symptoms. The hydrocarbon is
volatilized, allowing the gaseous form to pass through the
alveoli and into the blood. Aspiration occurs when the
liquid hydrocarbon enters the lung, usually when the
product is swallowed or vomited. In liquid form, the hydro-
carbon can interact with lung structure causing atelectasis
and non-cardiogenic pulmonary edema.

Pathophysiology

Butane and toluene are commonly found in abused prod-
ucts in the USA and benzene is used in many industrial
types of glue; it is frequently abused in other countries.
These drugs are abused for their effects on the CNS. They
have general anesthetic properties, and inhalation is asso-
ciated with euphoria, followed by CNS depression. There
are several techniques for inhaling these products: the most
common is to pour the substance on a cloth and then
inhale the vapors from the rag. Over time, the patient devel-
ops tolerance, and requires higher doses of the vapor to
achieve the desired effect. Tolerant subjects may increase
their dose by inhaling the vapors in a bag rather than on a
cloth. Sometimes subjects will place a bag over their head
or use other elaborate delivery systems to increase the con-
centration of the hydrocarbon. These techniques not only
increase the concentration of hydrocarbon in the inhaled
vapor, but also decrease the amount of oxygen that is
inhaled. The combination of hypoventilation and hypoxic
environment leads to asphyxial cardiac arrest.

In addition to asphyxia, inhaled hydrocarbons also may
precipitate cardiac dysrhythmias.71 Acute exposure to
hydrocarbons sensitizes the myocardium to epineph-
rine.72–74 This is the proposed mechanism of “sudden sniff-
ing death”; a hydrocarbon abuser is startled and has an
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acute release of adrenaline, which precipitates ventricular
dysrhythmias.

Presentation and diagnosis

Symptoms of hydrocarbon intoxication include slurred
speech, ataxia, confusion, and somnolence; chronic use
leads to tremor and encephalopathy. The diagnosis can
often be confirmed by the presence of paint on the
patient’s face or hands and a strong odor of hydrocarbons.
Patients who present with these symptoms are unlikely to
develop complications. Hydrocarbon abusers may also
present with ventricular dysrhythmias. Premature ventric-
ular contractions and non-sustained ventricular tachycar-
dia suggest myocardial sensitization. Patients may also
present in cardiac arrest from ventricular fibrillation.
Finally, toluene may cause a renal tubular acidosis and
profound hypokalemia that may lead to paralysis and res-
piratory arrest.

Treatment

Patients who present with only CNS symptoms can be
observed and discharged when their mental status has
returned to baseline. Patients who present with ventricu-
lar ectopy or dysrhythmias may benefit from beta-block-
ade (metoprolol 5 mg i.v.); however, most cases will
resolve without therapy. It is reasonable to check elec-
trolytes, including magnesium, in patients with ventricu-
lar ectopy. Two patients with ventricular fibrillation
following butane abuse were successfully resuscitated
with amiodarone.75,76 Other cases have also responded to
standard ACLS treatments.77,78

Some authors have advocated avoiding adrenergic vaso-
pressors (i.e., epinephrine) when treating cardiac arrest in
the setting of hydrocarbon intoxication,76 arguing that the
dysrhythmia is precipitated by myocardial sensitization to
epinephrine, and that additional epinephrine should be
avoided. Vasopressin offers a reasonable alternative with
no beta-adrenergic effects, but there are no experimental
data to support this position. Patients who have hemody-
namically significant cardiac ectopy after return of a per-
fusing rhythm should be treated with beta-blockade.76

As toluene abuse causes renal wasting of cations,
toluene abusers who develop polymorphic ventricular
tachycardia should be treated with magnesium (2 g i.v.).
Overdrive pacing is a reasonable therapy, but medical
treatments to increase heart rate (e.g., isoproterenol)
should be avoided as they may worsen myocardial irri-
tability. As hydrocarbons appear to have a mechanism of
action similar to the inhaled anesthetics, it is possible that

they will provide some neuroprotection during cardiac
arrest. Therefore it is reasonable to prolong resuscitative
therapy.

Tricyclic antidepressants, chloroquine, and other
sodium channel blocking agents

Deaths from tricyclic antidepressant (TCA) poisoning have
decreased over the past decade, yet these drugs remain an
important cause of mortality from poisoning. Most emer-
gency physicians and intensivists will have to care for a
critically ill TCA-poisoned patient during their careers.
Other poisons share some of the toxic properties of TCAs
(sodium channel blockade), but not all of these poisons
produce the seizures and cardiovascular collapse that are
the hallmark of TCA poisoning.

Pathophysiology

Sodium channel blockade is responsible for the major
cardiac effects of TCA toxicity and for the dysrhythmias
observed in many other poisonings. By decreasing inward
sodium currents, intracardiac conduction of electrical
impulses is slowed. These effects are first detected on the
ECG as prolongation of the terminal depolarization of the
heart, which can then progress to prolongation of the QRS,
and eventually the patient develops a wide complex
rhythm.79 The effect of these drugs on the cardiac conduc-
tion system is pH-dependent,80 and systemic acidosis
increases the chance of dysrhythmias.48

Although large overdoses of many medications can
produce cardiac dysrhythmias, TCA and chloroquine-
poisoned patients appear to be more likely to result in car-
diovascular collapse and death than patients poisoned
with other medications that cause sodium channel block-
ade. TCAs are potent alpha-adrenergic antagonists and
cause vasodilatation;81 they also directly impair myocar-
dial contractility.82 Furthermore, TCAs frequently cause
seizures, and the resultant lactic acidosis increases sodium
channel antagonism. TCA-mediated altered mental status
and seizures have been attributed to antagonism of mus-
carinic cholinergic, histamine, and GABA receptors.83,84

Presentation and diagnosis

TCA intoxication should be suspected in any patient who
develops seizures and cardiac dysrhythmias after self-
poisoning.85 Patients who present with a complaint of TCA
ingestion require intensive monitoring as abrupt deterio-
ration is common. The electrocardiogram is the diagnostic
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test of choice; the risk of dysrhythmias is correlated with
the duration of the QRS interval. One prospective study
suggests that a QRS duration of more than 160 ms indicates
that the patient is at risk for cardiac dysrhythmia,86 but
others have disputed this cutoff.87

Overdoses of chloroquine, quinine, hydroxychloro-
quine, flecanide, and propafenone cause severe cardiovas-
cular effects from sodium channel blockade. Many other
drugs cause QRS widening due to sodium channel antago-
nists, but do not cause cardiovascular collapse. The treat-
ing physician should not expect that these cases will
develop cardiovascular effects, but he should be prepared
to treat them if they do occur.

Treatment

There are multiple reports of survival following cardiac
arrest from TCA poisoning,88–90 but patients presenting
with acute severe TCA poisoning require several simulta-
neous interventions. Airway management allows hyper-
ventilation (to help raise serum pH) and ensures
adequate oxygenation.91,92 Seizures, which often precede
cardiovascular collapse,93 should be treated with high-
dose benzodiazepines (lorezepam 4–6 mg repeated as
needed). Paralysis will stop the neuromuscular activity
associated with the seizures that produces the metabolic
acidosis. Dysrhythmias should be treated with sodium
bicarbonate boluses.94,95 An initial dose of 2 meq/kg
should be administered, and this dose should be repeated
at least every 5 minutes or until a perfusing rhythm has
been restored. Magnesium has been used in animal
models and a single case report, but human experience is
insufficient to recommend its routine use.95,96 High-dose
vasopressors may be required. Animal data suggest that
epinephrine is more effective than norepinephrine.97 A
reasonable initial dose is 1 mcg/kg per minute as an infu-
sion, but the dose should be rapidly increased if perfusion
is not improved. The only available human data suggest
that norepinephrine is more effective than dopamine;
however, this study was uncontrolled and the dosing was
at the discretion of the treating physician.98 Glucagon has
also been used as a vasopressor for patients with refrac-
tory shock, but there are no controlled data.99,100

Phenytoin and beta-blockers are not recommended for
treatment of TCA overdose.

There are also several reports of survival following
cardiac arrest from chloroquine poisoning.87,101–104 These
patients are treated with an epinephrine infusion, high-
dose benzodiazepines (diazepam 1–2 mg/kg), and early
intubation. Animal data suggest that sodium bicarbonate
may also be useful.105

Fluoride and hydrofluoric acid

Fluoride and hydrofluoric acid account for several deaths
each year in the USA.18 Exposure to fluoride-containing
dental products rarely produces serious symptoms,106

and most cases are due to exposure to hydrofluoric acid
or other industrial fluoride products (ammonium fluo-
ride). Indeed, severe fluoride toxicity may occur after
exposure to as little as an ounce of a household rust
remover.107

Pathophysiology

Fluoride is the most electronegative element and therefore
it binds avidly to divalent cations, producing profound
hypocalcemia and hypomagnesemia. These abnormali-
ties are thought to cause the cardiac effects observed in
fluoride-poisoned patients. Fluoride also interferes with
the function of several enzyme pathways, however, includ-
ing the Krebs cycle.108 In animal models, cardiac arrest is
temporally associated with a profound hyperkalemia,
which is thought to be due to release of intracellular potas-
sium from erythrocytes.109 Nonetheless, hyperkalemic
animals did not respond to standard treatment, suggesting
that hyperkalemia is not the only cause of arrest.110

Ultimately, fluoride-poisoned patients develop cardiovas-
cular collapse from dysrhythmias, vasodilatation, and
myocardial dysfunction.

Presentation and diagnosis

Severe fluoride toxicity may occur after ingestion of prod-
ucts, after dermal exposures, or after inhalation of fluo-
ride-containing vapors. Patients with ingestion of HF
products may develop life-threatening effects without sig-
nificant gastrointestinal complaints. Dermal exposures to
low concentration products (
10%) are unlikely to
produce toxicity unless they are extensive. Nevertheless,
severe toxicity may occur with only a 1% BSA exposure to a
50% HF preparation.111,112 Patients who develop fluoride
toxicity after inhalational exposure present with severe res-
piratory complaints and acute lung injury before develop-
ing effects from the fluoride exposure.113

Diagnosis of fluoride poisoning is based on history of
exposure, clinical presentation, and laboratory findings.
Severe effects should be anticipated for patients who
present after deliberate oral exposures. Clinical effects may
be minimal initially, and the patient may progress to car-
diovascular collapse without other significant symp-
toms.107 Serum fluoride levels are not routinely available
and are not considered useful in the acute management
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of patients. Serum calcium levels are markedly low in
patients who develop serious fluoride toxicity.

Management

No systematic human studies have evaluated treatment of
cardiac arrest due to fluoride poisoning, but several
reported cases of cardiac arrest have responded to large
doses of calcium (5–10 g of calcium chloride).114–117 Animal
studies suggest that early administration of calcium salts
may attenuate fluoride toxicity and increase the dose of
fluoride required to produce cardiac arrest.118,119 Systemic
alkalosis has also been reported to prolong survival in
animal models.120

As there are very few adverse effects from acute hyper-
calcemia, patients who have deliberately ingested HF
products should receive empiric treatment with calcium
salts (1–3 g i.v. over 30 minutes) while awaiting results.108

The goal of calcium therapy is to maintain serum levels in
the high–normal range. Low serum calcium levels are an
ominous sign and these patients should receive 1–3 g of
calcium chloride iv bolus. Patients who have dysrhythmias
or hypotension should receive a minimum of 3 g of calcium
as an iv bolus and be treated with systemic alkalinization
to a serum pH of 7.5. Patients with cardiac arrest in the
setting of fluoride poisoning should be treated with 3–5 g of
calcium chloride and sodium bicarbonate (1–2 meq/kg) in
addition to vasopressors and defibrillation. Resuscitation
after prolonged cardiac arrest has been reported.114–117

Cardioactive steroids

The most commonly encountered cardioactive steroids
are the medications digitialis and digitoxin. Plant sources
of cardioactive steroids include foxglove (the source of dig-
italis), oleander, and red squill. Animal sources of car-
dioactive steroids include bufotoxin, which is produced by
the boreal toad. There have been several cases of severe
toxicity and even deaths reported following ingestion of
aphrodisiacs made from bufo toad skin.121 These toads also
produce a hallucinogenic toxin, so there have been reports
of mild intoxication following “toad licking.”

Pathophysiology

Cardiac glycosides have two main effects on the cardiovas-
cular system. They have potent negative chronotrophic
effects, partially mediated through the vagal system, slowing
the rate of sinus node firing and slowing conduction through
the AV node. Cardioactive steroids also alter transcellular ion

gradients, causing atrial and ventricular ectopy. The overall
effect is the classic finding of digoxin toxicity: increased
ectopy (atrial or ventricular) with heartblock.122

Presentation and diagnosis

The presentation of cardiac arrest may differ in acute and
chronic cardioactive steroid poisoning. Acute poisoning
frequently causes refractory heartblock and bradycardia,
leading to bradyasystolic arrest. Patients with chronic car-
dioactive steroid poisoning usually have bradycardia, and
many also have intracardiac conduction abnormalities.
These patients usually die from refractory ventricular dys-
rhythmias. Non-cardiac symptoms include vomiting, con-
fusion, and changes in vision. After acute ingestion of any
cardioactive steroid, the serum potassium is the most
important marker of toxicity. In a large series of poisoned
patients (before the development of digoxin Fab), the mor-
tality for patients with a serum potassium level above
5.5 meq/ml was 100%, whereas no patients with a serum
potassium level below 5.0 meq/ml died.123 Interestingly,
low serum potassium exacerbates dysrhythmias observed
in the setting of chronic digoxin toxicity.124,125 Serum
digoxin levels do not accurately discriminate toxic from
non-toxic patients.125,126

Treatment

The treatment of cardiac glycoside poisoning was revolu-
tionized by antidigoxin antibody fragments (Fab). Before
Fab was available, the mortality of cardiac arrest from
acute digoxin poisoning approached 100%. In the initial
trial of Fab, almost half of cardiac arrest patients treated
with digoxin Fab survived.127 The recommended dose for
cardiac arrest is 20 vials as an intravenous bolus.127 If pos-
sible, higher doses are recommended for non-digoxin car-
dioactive steroids.

The treatment of cardioactive steroid poisoning when
digoxin Fab is not available is obviously more complicated.
Most hospitals do not stock sufficient Fab to treat critically
poisoned patients.128 The treatment of cardiac arrest
depends on the manifestation: thus, bradydysrhythmias
may respond to atropine,129–131 but pacing is considered the
treatment of choice.132 Ideally, the pacer should be placed
before severe dysrhythmias develop. The rate should be
increased until the ventricular ectopy is suppressed.
Ventricular dysrhythmias have been treated with pheny-
toin, magnesium, and lidocaine. Phenytoin is administered
as an i.v. bolus in doses of 100–350 mg.123,133 Magnesium has
also been used to treat ventricular ectopy134–137 and, in one
case report, intracardiac magnesium administration was
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associated with restoration of circulation.138 Lidocaine was
used frequently to treat ventricular dysrhythmias from
digoxin, but there is very little published experience, and at
least one death was temporally associated with lidocaine
administration.139,140 There are two case reports of success-
ful use of amiodarone to treat patients in cardiac arrest,
although in one case digoxin Fab was also adminis-
tered.125,141–143 Finally, there is a report of successful use of
extracorporeal support to treat a severely poisoned child.9

Acetylcholinesterase inhibitors (insecticides and
nerve agents)

The organophosphate insecticides are an uncommon cause
of poisoning death. The nerve agent chemical weapons are
also organophosphates, however, so there is a potential that
a mass exposure could result in multiple casualties.

Pathophysiology

Organophosphates act by inhibiting acetylcholinesterase
in plasma and in synapses. This results in an excess
of cholinergic stimulation and produces the classic
DUMBELS (Defecation, Urination, Miosis, Bradycardia�

Bronchorrhea, Emesis, Lacrimation, Seizures) presenta-
tion. These effects are primarily due to excess stimulation
of muscarinic cholinergic receptors. Acetylcholine excess
at the neuromuscular junction causes fasciculations and
weakness that may progress to respiratory paralysis.
Although deaths can occur from the combination of weak-
ness and pulmonary secretions, animal studies suggest
that early deaths are due to the effects of excess acetyl-
choline in the CNS.144

Presentation and diagnosis

The effects of organophosphate poisoning range from
non-specific malaise and gastrointestinal effects to
seizures, coma, and cardiovascular collapse. The diagnosis
will usually be made clinically, on the basis of the presen-
tation of a patient with profound vomiting and diarrhea,
seizures, muscle fasciculations, and small pupils. In the
event of a chemical attack, multiple patients may present
with similar symptoms. Exposure to an organophosphate
can be confirmed by measurement of cholinesterase
levels, serum and red blood cells, but this test is not avail-
able rapidly. Clinicians should also realize that government
identification of a chemical agent during an attack may be
misleading. For example, the poison in the sarin attacks on
the Tokyo subway was initially identified as cyanide.

Treatment

Patients must be decontaminated before treatment. Many
victims in the Tokyo subway attack were healthcare
workers exposed while treating patients who had sarin
vapors trapped in their clothing.145 After decontamination,
patients should have ventilation established, ACLS imple-
mented, and treatment with atropine and benzodi-
azepines initiated. As noted above, CNS effects play a
significant role in severely poisoned patients. Therefore,
critically ill patients should be treated with very high doses
of benzodiazepines (20 mg of diazepam or the equivalent;
this should be repeated rapidly if seizures do not cease).
Atropine should be administered in 1-mg boluses and
titrated until it results in drying of pulmonary secretions. If
patients do not respond rapidly, the bolus dose should be
doubled. In a series of patients reported after the Tokyo
attack, four patients were successfully resuscitated by
using these therapies.146

Cyanide

Cyanide and hydrogen sulfide are both mitochondrial
poisons that can produce rapid onset of coma and cardio-
vascular collapse. Cyanide is commonly used in industry
and hydrogen cyanide could be used as a chemical weapon.
The most common forms are salts such as sodium or potas-
sium cyanide and these may cause toxicity following inges-
tion. When these salts are exposed to an acid, hydrogen
cyanide gas is released. Hydrogen sulfide is a strong
smelling gas often released with methane. Occupational
exposures may occur when workers enter an enclosed
space such as a storage tank or sewer. Unfortunately, the
characteristic smell disappears at high levels.

Pathophysiology

Cyanide and hydrogen sulfide bind to cytochrome pro-
teins in the electron transport chain and prevent ATP for-
mation. This results in rapid loss of function in organs with
a high metabolic rate (such as the brain and heart). As
aerobic metabolism is not possible, all ATP production will
occur through anaerobic metabolism.

Presentation and diagnosis

The main CNS effects include headache and nausea at low
levels, but loss of consciousness and seizures occur very
rapidly with high level exposures. The initial cardiovascular
effects are tachycardia and hypertension, followed by a
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vasodilatation hypotension,147 myocardial suppression,
and cardiovascular collapse.148 Wide complex bradydys-
rhythmias are a pre-terminal rhythm. Common metabolic
abnormalities include lactic acidosis and hyperkalemia.
Patients who survive may have permanent injury to the
basal ganglia.149,150 Whereas most cases of cardiac arrest
from cyanide occur soon after exposure, acetonitrile (found
in some artificial fingernail products) is metabolized to
cyanide and there is a report of cardiac arrest 24 hours after
exposure.151 Hydrogen sulfide causes a rapid onset of coma,
but cardiovascular effects are less common. The effects
generally resolve quickly if the patient is removed from the
exposure.

Acute cyanide poisoning is primarily a clinical diagno-
sis. It should be considered in patients with a history of
poisoning, altered mental status, and cardiovascular col-
lapse. Laboratory studies such as hyperkalemia, profound
metabolic acidosis, and high serum lactate are supporting
data, but treatment should not be delayed while waiting
for results. A whole blood cyanide level will confirm the
exposure, but this test is not available on an emergent
basis.

Treatment

Secondary exposure of healthcare workers while treating a
cyanide-poisoned patient is unlikely, although it is possi-
ble that the vomitus of a patient who ingests cyanide salts
could release cyanide gas. Therefore, workers should
protect themselves from exposure to vomitus, and the
patient should be treated in a well ventilated area. Several
cases of cardiovascular collapse and recovery after
cyanide poisoning have been reported, as have cases of
resuscitation from cardiac arrest.133,148,152,153 Standard
ACLS should be initiated. Patients may have an initial
response to vasopressor therapy, but this response may be
short-lived if antidotal treatment is not administered.
Several antidotes are available for treatment of cyanide
poisoning; all work by binding the cyanide. In the United
States, a three-part kit is used. Amyl and sodium nitrite are
administered to induce formation of methemoglobin,
which can bind cyanide. Amyl nitrite is provided as a
ampule that can be broken allowing the vapors to be
inhaled. Once intravenous access is established, sodium
nitrite can be administered. The third component of the
kit is sodium thiosulfate, which provides substrate to allow
the formation of thiocyanate in the liver; the thiocyanate
is then excreted in the urine. The usual dose of sodium
nitrite is 300 mg and the dose of sodium thiosulfate is
12.5 g. Hydroxocobalamin is another antidote that is
used commonly in Europe; it binds cyanide to form

cyanocobalamin (vitamin B12). This drug has an excellent
safety profile and is used routinely in France to treat
smoke inhalation victims with suspected cyanide poison-
ing. It causes peripheral vasoconstriction in animal
models of cyanide poisoning,154,155 and this may improve
coronary perfusion during cardiac arrest . The usual dose
of hydroxocobalamin is 5 g, which should effectively neu-
tralize a serum level of 40 mcg/ml in an adult.156
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Introduction

Without the inherent risk of cardiac arrest (CA), anes-
thesia might not have developed as an acknowledged
medical specialty in its own right. Only a year after pain-
less surgery was made possible in 1846 by W.T.G. Morton’s
use of ether as an anesthetic, cases of death under inhala-
tion anesthesia occurred in England. In 1848, Hannah
Green, a young healthy patient undergoing a trivial pro-
cedure for removal of an infected toenail, became the
first reported fatality from chloroform anesthesia and,
even today, her name stands for every anesthesiologist’s
nightmare.1

John Snow, whose work on resuscitation is less well
known than his contributions to the scientific founda-
tions of anesthesia for infants,2 had by 1841 accumulated
considerable expertise in the field of resuscitating
asphyxiated stillborns.3 With his monograph On
Chloroform and Other Anaesthetics published in 1858,
John Snow became the world’s first scientific anesthesiol-
ogist, and with his review of 50 cases of fatal chloroform
administration he also became the first researcher on the
mechanism of critical incidents and the first promoter of
modern resuscitation medicine. Some of his recom-
mended techniques of resuscitation included use of the
“tracheal tube,” administration of oxygen, mouth-to-
mouth or mouth-to-nostril ventilation, compression of
the ribs and abdomen, and introduction of galvanic
current.4 Thus, CA strongly influenced the professional-
ization of anesthetic practice, while at the same time
anesthesia offered the hitherto unknown opportunity for
investigating and treating a multitude of expected,
observed, and, later on, monitored and instrumented

cases of CA that have facilitated the successes in modern
resuscitation medicine during the last 150 years.

Initially, CA seemed only to be related to the use of
general anesthesia (GA), but with the increased use of
regional anesthesia (RA) during the first half of the twenti-
eth century, fatal outcome of painless surgery was shown
not to be restricted to GA. Neuraxial anesthesia, intra-
venous RA (Bier-Block), peripheral RA, and local anesthe-
sia were associated with risks specific for CA because of the
loss of sympathetic reflexes, drug toxicity, convulsions, and
early or delayed hypoxia.

For many years, efforts to decrease fatal adverse events
concentrated on the technical, pharmacological, equip-
ment, and monitoring aspects of anesthetic care; more
recently human factors involved in anesthesia manage-
ment (presence, experience, and carefulness of personnel
providing care) have been shown to significantly influence
severe morbidity and mortality of patients exposed to
anesthesia.5 Mishaps and human failure to recognize and
handle fatal adverse events are among the most frequent
bases for all closed-claims’ investigations. Litigation rarely
considers that personal failings usually reflect organiza-
tional or working place deficiencies.

Anesthesiologists tend to feel that proficiency in car-
diopulmonary resuscitation is part of their natural area of
expertise. Nevertheless, the poor quality of resuscitation
skills among medical staff is well documented6–10 and this,
unfortunately, includes anesthesiologists.11 Educational
programs must consider these realities.

This chapter focuses on creating care and vigilance in
the multicausal etiology of fatal outcome in perioperative
states and contributing to preventive measures for major
adverse events.
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Epidemiology

Incidence, definitions

CA in association with anesthesia is rare and, in contrast to
the out-of-hospital area, is associated with an excellent
outcome with good recovery in over 80% of cases. Several
recent studies report similar rates between 0.5 and 1 case
per 10 000 anesthetics for adults12–15 and up to 1.4 cases per
10 000 anesthetics for children.16 There are major problems
in comparing reports in the literature, however, because of
lack of uniformly accepted definitions and reporting
methods. These include:
(a) Considerable variation in keywords used as trial inclu-

sion criteria: pulselessness, circulatory collapse, CA
requiring external chest compression, indication for
electric defibrillation, asystole, ventricular fibrillation,
electromechanical dissociation, death in association
with anesthesia.

(b) Different time-periods studied: preoperative (from
drug intake for premedication) to the induction of anes-
thesia, during stay in the operating room (OR) emer-
gence from anesthesia, postoperative transport,
recovery room, intensive care unit (ICU), ward (up to 6
hours after anesthesia, up to 24 hours after anesthesia
with a maximal postoperative time of up to 30 days).

(c) Use of different reporting systems: most information is
based on case series, closed-claim analysis, computer
record systems, and voluntary critical incident and
national anesthetic record systems. CAs managed
without postoperative consequences were probably
not uniformly recorded and therefore underestimated.
The quality of data depends on the accuracy and
honesty of those reporting them, so that use of defined
terms by all participants would aid obtaining uniform
results.

(d) Assessment of the heterogeneity of the investigated
patients: no uniformly used grading system is available
to quantify age-mix, comorbidities, and complexity of
surgery performed.

(e) Use of retrospective data records, which cannot provide
first-hand information about the case.

Beecher and Todd in 1954 reported on the first prospective
cohort study on mortality and morbidity of anesthesia and
identified 384 deaths out of 599548 anesthetics adminis-
tered between 1948 and 1952 in ten large American teach-
ing hospitals as being attributable to anesthesia alone or
anesthesia as a major contributing factor. They calculated
an incidence of 6.4 deaths per 10000 anesthetics and con-
cluded that “deaths from anesthesia are certainly a matter
for public health concerns.”17

Six major cohort studies were published between 1980
and 1990 with more than one million anesthetics adminis-
tered (Table 59.1). Incidence of CA was between 1.3 and 6
per 10000 anesthetics with a mortality rate between 0.3
and 3 per 10 000 anesthetics. These six studies are not com-
parable, as they report on different observation time
periods, that is: 1 year;18 17 years;19 time periods from 1967
to 1987, age-mixed cohorts20 or just children and infants,21

nationwide cohort studies20 or individual hospital
surveys.22,23 Nevertheless, these reports do offer rough
figures for incidences of that time period and investigated
patient populations.

The 10 years between 1995 and 2005 included nine
large investigations from the United States,14,16 Australia,
New Zealand,24,25 Japan,13,26 and Europe,12 reflecting more
than 4.5 million anesthetics and over 5200 reported
claims. Incidence of CA in the perioperative period varied
between 0.15 and 1.1 per 10000 anesthetics in adults
and up to 1.4 per 10000 in children, with a mortality
rate between 0.1 and 0.9 per 10000 for adults and 0.4 for
children.

The incidence of anesthesia-related CA is believed to
have decreased over the last decades (Fig. 59.1). Comparing
the periods from 1980 to 90 and 1995 to 2005 and that the
published studies were not performed in a similar manner,
the reported incidence declines from a range of 1.3 to 6 per
10 000 anesthetics (1989–90) to a range of 0.5 to 2.8 per
10 000 (1995–2005). There is no clear trend with regard to
anesthetic-related deaths resulting from CA with a rather
stable incidence between 0.1 and 0.9 per 10 000.
Nevertheless, after an extensive literature search, Lagasse
et al.27 argue that the anesthetic-related mortality rate has
been stable over time since 1992 and that, because of lack
of a worldwide standardization in definitions and method-
ology, no scientific evidence demonstrates an increased
safety in anesthesia in the last decade.

In contrast, a dramatic change in the characteristics of
the surgical population over the last 20 years is well docu-
mented. Today, patients are older and sicker, and more
complex surgical procedures are being performed. A large
French survey of over 7937000 anesthetic procedures in
1996 compared these data with data from 1980 and con-
cluded that the number of anesthetic procedures
increased by 120% over the 16 years, which corresponds to
an increase in the population-corrected rate from 6.6 to
13.5 per 100 population. Elderly patients and those with
high American Society of Anesthesiologists (ASA) physical
status classifications (Table 59.2) had the greatest increase:
ASA class 1:�30%, ASA class 3:�268%.28

Several studies comparing early with more recent obser-
vation periods provide insight into the development of CA
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over time with less methodological bias. A computer-
based anesthetic record system at Karolinska Hospital,
Stockholm, Sweden was used to analyze 170 CAs out of
250 543 anesthetic record files between 1967 and 1984.
There was a nearly 10-fold decrease in incidence of CA
during anesthesia between 1967 and 1984, most promi-
nent between 1967 and 1974.19 In the non-cardiac surgical
patient collective study at the Mayo Clinic, Rochester, MN
between the years 1990 and 2000, of 518294 patients, 223
experienced CA between the start of anesthesia and dis-
charge from the recovery room.15 Incidence for patients
receiving GA decreased over the 11 years from a rate of 7.8
per 10000 anesthetics (1990–92) to 3.2 per 10000
(1998–2000). But only 24 of these 223 CAs were attributed
to anesthesia. Analysis of the Finnish Mortality Associated
with Anesthesia and Surgery Survey 1986 (325 585 proce-
dures)29 compared these results with a similar study of the
Finnish collective in 1975 (338934 procedures).18 Tikkanen

et al. identified 5 cases in the 1986 survey compared with
67 cases in the 1975 survey and calculated a more than 10-
fold reduction in the incidence of death related to anes-
thesia (from 1.9 to 0.15 per 10 000 anesthetics) over this
20-year period.29

The debate continues as to whether the safety of anes-
thesia has improved over time. The reported rates of anes-
thesia-related mortality vary widely among published
studies. No uniform methods, definitions, observation
periods, and/or markers are used for normalizing patient
age-mix, comorbidities, and complexity of surgical pro-
cedures, thus making comparisons of published data
extremely difficult. Nevertheless, as highlighted by Cooper
and Gaba,30 the truth will end up somewhere between
major progress as declared by the Committee on Quality of
Health Care in America in 199931 and no progress in the
improvement of safety in anesthesia over the last 25 years,
as concluded in the literature review published by Lagasse
et al. in 2002.32

Risk factors

CA during anesthesia is predominantly multifactorial in
origin: poor preoperative patient conditions associated
with inadequate preoperative risk estimation, inappro-
priate or delayed anesthesia management, and human
error or misjudgement.12,15 The incidence of anesthetic-
related CA or death is so low that no statistical single vari-
ables are identifiable as being independent and solely
responsible risk factors leading to CA and consequent
mortality. Moreover, without uniform definitions, CA in
acute coronary syndrome or severe kidney failure would
not be attributed by most authors as anesthetic-related,
but rather as an underlying patient disease. Thus, we
have only discussed studies where the categories of risk
factors were identified by univariate or multivariate
analysis.

Infants and children

Compared with adults, the incidence for perioperative CAs
in infants and children is increased. In 1985, Keenan and
Boyan reported a threefold increased risk for the pediatric
group.23 A French survey of over 40240 anesthetics in
patients younger than 15 years reported an incidence of
CA in infants of 19 per 10 000 and in children of 2.1 per
10 000.21 Respiratory failure was predominant in infants,
whereas respiratory and circulatory events were equally
distributed in children. The most comprehensive survey
on the pediatric patient collective reported 289 cases
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Fig. 59.1. Frequency of cardiac arrest by year and type of

anesthesia.15 Reproduced with permission.

Table 59.2. American Society of Anesthesiologists (ASA)
Patient Classification

ASA class 1: Healthy individual

ASA class 2: Mild systemic disease without functional 

limitations

ASA class 3: Severe systemic disease with functional 

limitations

ASA class 4: Severe systemic disease that poses a daily 

threat to life

ASA class 5: Moribund patient not expected to survive 24 hr 

with or without surgery



recorded in the Pediatric Perioperative CA (POCA)
Registry:16 150 cases (52%) were related to anesthesia: 83 of
these (55%) occurred in infants (less than12 months), and
47 (31%) in children aged 12 months to 5 years; the remain-
ing 20 cases were in older children. Distribution for ASA
classifications were 33% in ASA physical status classes 1
and 2, and 67% in ASA classes 3 to 5. Causes were catego-
rized as 37% medication-related, 32% cardiovascular, and
20% respiratory events. The medication-related cause
significantly predominated in ASA classes 1 and 2 patient
groups, and cardiovascular causes in the ASA classes 3 and
4 patient groups. In 68% of all reported cases, the patients
recovered without long-term injury. Higher ASA classifica-
tions and emergency procedures were most often associ-
ated with poor outcome.

Compared to the Pediatric Closed Malpractice Study33 in
1993, where respiratory events (43%) were the most
common, the distribution of causes in the POCA registry
represents a major change in reported causes. Nonetheless,
that study could be biased, because chest compression was
mandatory as an inclusion criterion for the POCA registry.
Mason emphasizes that use of pulse oximetry and capno-
graphy in the POCA registry was 98% and 86%, respectively,
compared with only 7% for pulse oximetry in 1993, and she
concluded that increased use of these monitoring devices
was probably effective in preventing adverse respiratory
events.34 Newland et al. reported 22 CAs out of 16,051 cases
in patients younger than 20 years with an incidence of 13.7
per 10000 anesthetics.14 Eighteen of these patients were
preoperatively classified as very ill (ASA class 4 or 5), and
therefore do not represent the typical pediatric patient
population.

Age

In 2001, a consecutive cohort analysis of over 101 769 anes-
thetics identified 24 CAs including 13 not related to anes-
thesia.12 Age above 80 years was identified in a univariate
analysis as a risk factor. This corresponds with the results
of Olsson and Hallen that indicated19 a four times higher
risk for patients aged over 80 years compared with patients
aged 30–39 years, but age was not an independent risk
factor in the recent survey of Sprung et al.15

ASA physical status classification

The ASA physical status classification was introduced as a
marker for estimated perioperative risk. It assigns the pre-
operatively assessed comorbidities of a patient to a score
between 1 and 5. ASA class 1 indicates a “healthy patient”
without increased anesthetic risk and ASA class 5 indicates
a “moribund patient not expected to survive 24 hours with
or without surgery.” Coexisting diseases such as acute or
chronic coronary syndrome, acute renal failure or dia-
betes, and patient factors such as morbid obesity that
increased risk were summarized and normalized by the
ASA physical status classification.

It is not surprising that a higher ASA physical status clas-
sification is associated with an elevated risk of CA and
death (Table 59.3). The risk of perioperative CA for patients
with an ASA class 5 is 300 times that of class 1 or 2, and
patients with class 3 have a higher risk than ASA class 1
or 2.14 Similar distributions of ASA classifications were
found by Biboulet et al.12 (8 of 11 anesthetic-related CAs
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Table 59.3. Incidence of cardiac arrest and mortality as a function of the America Society of Anesthesiologists (ASA)
Physical Status Classification

Biboulet et al.12 Sprung et al.15 Newland et al.14 Olsson et al.19 Kopp et al.39

CA Fatal CA Fatal CA Fatal CA Fatal CA Fatal

I 1 0 1 0 1 0 11 3 1

II 2 1 5 0 2 0 53 9 1

III 6 3 16 5 8 6 39 12 4

IV 2 2 2 0 3 1 17 2 2

V 1 0 0 0

Unknown/missing 5

Total 11 6 24 5 15 7 115 9 26 8

Elective 9 5 22 5 11 6 101 25 7

Emergency 2 1 2 0 4 1 14 1 1



and 5 of 6 mortalities, ASA physical status class over 2), and
by Sprung et al.15 (44% of all CAs, ASA class of 4 or 5, and 18
of 24 of the anesthetic-related CAs (75%) occurred in
patients with an ASA class of 3 or 4).

Obstetric anesthesia

Anesthesia for cesarean section and other emergency
peripartum procedures has been associated with a rela-
tively high risk of death among otherwise young and
healthy women. Failed airway management due to the
anatomical changes during pregnancy, increased risk of
gastric acid aspiration during airway management, and
acute respiratory distress syndrome have been identified
as major risk factors for perioperative death. The 2005
published report on 50 years of the “Confidential
Enquiries into Maternal Death” in Great Britain concludes
that anesthesia for cesarean section is now 30 times safer
than it was 50 years ago,35 with a major contributing factor
being the change in anesthetic technique (avoidance of
GA whenever possible and use of neuraxial anesthesia).
Rates of direct death attributable to anesthesia were 36
per 10 000 cesarean sections in 1964–66 and 1 per 10 000
in 2000–02.36 Pregnancy is apparently not associated with
an increased risk of fatal outcome from neuraxial anesthe-
sia. There were no deaths directly attributed to RA in the
2000–02 report and only one case in the 1997–1999
report.36,37

Regional anesthesia

Although CA might actually be less likely to occur under RA
compared with GA, our review of the literature over the last
20 years shows an incidence between 0.04 and 1.8 per 10 000
major regional blocks12,38–40 which is the same order of mag-
nitude reported for GA, but it appears to have declined over
the last 20 years. Neuraxial anesthesia techniques are asso-
ciated with a higher risk of CA compared with peripheral
plexus or nerve blocks, and the highest risk is associated
with spinal anesthesia.38,39,41 This result has to be inter-
preted with caution, however, as there is no correction for
the large increase in spinal anesthesia compared with
epidural anesthesia over the last years.28 Furthermore, the
analyses of Critical Incidence Reporting Systems may repre-
sent only the worst outcome associated with a particular
technique, rather than all results from a broad population.
Also, patients receiving GA and those receiving RA were not
similar with regard to ASA physical status classificiations,
comorbidities, types of surgery, and ratios of elective to
emergency surgery.

A comprehensive report representing 20 years of RA at
the Mayo Clinic, Rochester, MN analyzed over 70 000 neu-
raxial anesthesias.39 CA was defined as hemodynamic
instability (severe hypotension and/or bradycardia) that
resulted in loss of consciousness requiring defibrillation,
chest compression, and/or vasopressors. They included
only the period after initiation of regional anesthesia and
before discharge to the recovery room or ICU. Twenty-six
patients in the last 15 years who had a CA were described
in detail. The overall incidence of CA was 1.8 per 10 000
neuraxial procedures with a predominance for spinal com-
pared with epidural anesthesia (2.9 vs. 0.9 per 10 000). The
ratio of patients who survived CA to discharge did not
differ between spinal and epidural anesthesia (14 of 20 vs.
3 of 6, p�0.29). The incidence declined between the first 5
years (1988–92) from 3.3 to 1.0 per 10 000 in the last 5 years
(1998–2002). In particular, in the spinal anesthesia group,
incidence declined from 5.6 per 10 000 in the first 5 years of
the study to 1.4 per 10 000 in the last 5 years (1998–2002).
Table 1 from Kopp et al. shows 40 CAs, 28 of them in the
period after 1988 where the number of anesthetics was
known and the corresponding incidence was calculated.
Two patients from the original 28 were apparently lost and
were not included in his results.

Auroy et al. performed two large French surveys on com-
plications of RA.38,41 In the 2002 report, 487 anesthesiolo-
gists voluntarily reported 56 serious complications related
to RA (overall, 150083 regional blocks were performed in
adults (74%), children (3%), or for obstetric purposes
(23%)). CA occurred in 10 patients during spinal anesthe-
sia and in 1 patient during a posterior lumbar plexus block,
with an incidence of 0.83 vs. 0.08 per 10000. In a 1997
French report of 103730 regional blocks there were 89
serious complications related to anesthesia: CA in 32 cases
(spinal: 26, epidural: 3, peripheral nerve block: 3), and fatal
outcome in 7 cases (spinal: 6 of 26, epidural: 0, peripheral
nerve block: 1 of 3). Bradycardia was the main precursor in
all CAs during spinal anesthesia, and more elderly than
younger patients were involved.

Liu and McDonald emphasize that risk factors for brady-
cardia are baseline heart rate lower than 60 beats/ min, ASA
physical status class 1, use of �-blockers, prolonged PR
interval on the electrocardiogram, and spinal block higher
than T5.40 The closed-claim analysis identified administra-
tion of sedation and lack of early treatment with epineph-
rine as typical patterns of management in cases of CA.42

Pollard argues that the evidence for a respiratory etiology
for CA during neuraxial anesthesia is sparse and that CAs
occur with oxygen saturation readings of 95%–100%.43

Bradyarrhythmia is commonly found before CA and could
be related to blockade of sympathetic activity and/or
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cardiovascular reflexes44 related to a relative hypovolemia
induced by vasodilatation. Unfortunately, some CAs that
occurred during spinal anesthesia have fatal outcomes
even in young and otherwise healthy patients.43,45

Causes of cardiac arrest

The vast majority of CAs are ascribed to concomitant
disease or surgical factors. Fatal outcome associated with
anesthetic and surgical procedures in Finland was about
the same in 1986 as in 1975. But the role of surgery had
decreased to about one-third and of anesthesia to less than
one-tenth as the main contributing cause of the death;29

similar progress in anesthetic safety has been reported for
the same time period.46,47 A large Japanese survey divided
etiologies of fatal accidents into four categories, those
resulting from: preoperative complications (65%); surgical
procedures (24%); intraoperative pathological events (9%);
and those attributable to anesthetic management (2%).26

The major cause of preoperative complication-related
deaths was pre-existing hemorrhagic shock, followed by
cardiovascular diseases, such as myocardial ischemia and
congestive heart failure. Excessive surgical bleeding com-
prised 70% of surgical procedure-related deaths. The
major causes of intraoperative pathological events were
myocardial ischemia, pulmonary embolism, and severe
arrhythmias. Half the anesthetic management-related
deaths were caused by airway or ventilatory problems, fol-
lowed by medication accidents, and infusion/transfusion
mishaps.

Principal causes of CA and other critical incidents due
to etiologies during anesthesia and surgery are listed in
Table 59.4.

Several epidemiological studies have analyzed the
possible causes for intraoperative CA.12–15,19,21,23,25,29,48,49

Identifying the causes of CA that are primarily attributable
to anesthetic management would allow for institution of
preventive measures. From the very beginning, as has been
shown for incidences, the classification of deaths and
causes of CA during surgery and anesthesia has varied con-
siderably.50–54 In addition, it is often impossible to retrieve
sufficient information retrospectively in order to reliably
identify the causative factors. Moreover, adverse events are
generally multifactorial in origin, and CA in particular is
often the culmination of different reasons,14,27,30 one of
which might well include anesthetic interventions or,
rather, the lack thereof.15

Thus, in an Australian study, 129 cases of CA were
grouped into five categories reflecting monofactorial and
multifactorial origins: (a) anesthetic technique (11 cases

with this category alone; 32 with this and one or more of the
other categories, representing 25% of all 129 CA); (b) drug-
related (16; 32, 25%); (c) associated with surgical procedure
(9; 29, 22%); (d) associated with pre-existing medical or sur-
gical disease (30; 82, 64%); (e) unknown (8; 14, 11%).24

Patients

Hypoxemia
For all anesthesiologists, hypoxia as a main cause of CA is
always worrisome, especially in a “cannot intubate –
cannot ventilate” scenario. Hypoxia during anesthesia
occurs in failure of airway management; misplacement of
the endotracheal tube (esophageal or endobronchial; acci-
dental tracheal extubation in the prone position);14,15,19

aspiration of gastric contents;14 laryngospasm mainly due
to mechanical irritation during inadequate depth of anes-
thesia;19 severe bronchospasm because of anaphylactic or
intrinsic reactions; and/or errors in oxygen supply.

During the first 100 years of anesthesia, hypoventilation
in spontaneously breathing patients resulting from deep
inhalation anesthesia and accompanying cardiovascular
compromise was a major source of fatal outcome. In their
1985 study of incidence and causes of CA due to anesthe-
sia, Keenan and Boyan found failure of adequate ventila-
tion in 50% and overdose inhalation in 33% of the cases.23

In a contemporary Scandinavian survey, ventilatory prob-
lems were the most frequent causative factors of “anes-
thetic CA.”19 More recently, Irita et al. similarly attributed
half of anesthesia-related deaths to airway and ventilatory
management.26 Sprung et al. classify 46% of CA that are
attributable to anesthesia as associated with airway/venti-
lation problems:15 CA due to a loss of airway patency had a
poor outcome. Of note, none of the patients who experi-
enced CA from anesthesia and had resuscitation for longer
than 20 minutes survived; all of these patients had lost
airway patency.

With the introduction of endotracheal intubation and
controlled mechanical ventilation, the inability to establish
a secure protected airway became more common. In a
survey of patients whose lungs could not be ventilated and
whose tracheas could not be intubated, Nagaro et al. iden-
tified 26 out of 151 300 cases of GA in university hospitals in
Japan.55 Newland et al. attributed only 20% of CA to prob-
lems of airway management.14 Respiratory depression due
to narcotics or benzodiazopines and inadequate reversal of
muscle relaxation contribute to hypoventilation during the
emergence from anesthesia.19 Monitoring the intensity of
muscle relaxation at the end of surgery and introduction of
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Table 59.4. Causes of cardiac arrest

I Respiratory events
A. Failure to ventilate

• Airway management failure: cannot intubate – cannot ventilate; misplacement of the endotracheal tube; aspiration of gastric
contents; laryngospasm

• Inability to ventilate despite secure airway: bronchospasm; tension pneumothorax; tracheal disruption; tube dysfunction /
occlusion; mediastinal collapse (mediastinal mass)

B. Apnea/Hypoventilation
• Respiratory depression in spontaneously breathing patients
• Failure in ventilator setting
• Loss of gas supply; breathing circuit disconnection
• Apnea in neuraxial blockade
• Pneumoperitoneum

C. Lack of oxygen carrier
• Severe anemia
• Carboxyhemoglobinemia; Methemoglobinemia (Prilocaine)

D. Ventilation/Perfusion-Mismatch
• Pulmonary embolism
• Pulmonary hypertension / vasoconstriction

II. Circulatory events
A. Vascular failure

• Hypovolemia: hypovolemic shock; surgical bleeding
• Failure in systemic resistance: anaphylaxis; sepsis; neurogenic shock; neuraxial sympathetic block; pheochromocytoma;

monoamino oxidase inhibitors; eclampsia; thyroid storm; Addison crisis
• Tension pneumothorax
• Mediastinal collapse (mediastinal mass)
• Embolism: thrombus (surgical sources: hip replacement); air (sitting position and neurosurgery); amniotic fluid

B. Pump failure
• Arrhythmia: coronary artery disease; conduction abnormalities (Wolff–Parkinson–White syndrome; high-degree conduction

block; sick sinus syndrome); mechanical stimulation (inadequate depth of anesthesia and sympathetic stimulation; central
venous or pulmonary artery catheterization); vagal reflexes; local anesthetics; hypokalemia; hyperkalemia (succinylcholine);
hypocalcemia; hypomagnesemia; interference of pacemakers/AIDs; hypothermia

• Ischemia: hypoxia; anemia; increased oxygen demand (tachycardia); thrombus (myocardial infarction); end-stage congestive
heart failure

• Myocardial depressant factors: volatile anesthetics; induction agents; endotoxins
• Valvular/congenital heart disease: neuraxial anesthesia and aortic stenosis

III. Environmental causes
A. Equipment failure

• Loss of gas supply
• Tube disconnection
• Failure of anesthetic machine; breathing circuit; laryngoscope; airway device
• Laser/electrocautery mishaps (airway fire)
• Monitor malfunction

B. Human factors
• Inadequate vigilance
• Monitoring negligence
• Drug overdose (induction agents, inhalational anesthetics, muscle relaxants)
• Drug selection error
• Blood transfusion error
• Line misconnection (venous – arterial – epidural)
• Gas flow/ventilator setting error
• Gas misconnection (N2O instead of O2)
• Inappropriate airway management
• Inadequate fluid management (hypovolemia; fluid overload)
• Organizational deficiencies: lack of educated and trained personnel; lack of support; workload; fatigue; communication 

problems; lack of checklists; missing standard operating procedures



short-acting muscle-relaxing drugs probably reduced com-
plications during recovery. In addition, the availability of
postanesthesia care units was a great advantage in prevent-
ing perioperative ventilatory disasters. More recently, use of
monitored anesthesia care as the technique of choice for a
variety of invasive or non-invasive procedures is increas-
ing.56 In a closed-claims analysis, severity of monitored
anesthesia care claims was comparable to GA claims, with
41% of the claims being for death or permanent brain
damage. Respiratory depression as a result of oversedation
was the most common mechanism of injury.57

During neuraxial anesthesia, cardiovascular collapse
can develop secondarily after the unrecognized develop-
ment of apnea. A spinal anesthetic followed by excessive
patient movement or coughing might promote arrival of
the local anesthetic (LA) at cervical levels that are high
enough to produce blockade of motor fibers to both the
diaphragm and inspiratory muscles of the chest and neck
(e.g., C3). In contrast with spinal anesthesia, epidural
anesthesia usually does not compromise ventilation,
unless the injection is performed cervically. Nonetheless,
accidental subarachnoid injection of an anesthetic
intended for the epidural space could produce apnea
because the dose is 6- to 8-fold higher than that intended
for subarachnoid injection, resulting in a high level of
blockade and compromise of ventilatory muscles. Apnea
might similarly result from an unintended subarachnoid
injection of LA during retro-orbital, interscalene, or
greater occipital nerve blocks.

Tension pneumothorax
During controlled mechanical ventilation, tension pneu-
mothorax is a potentially fatal problem.13 Awareness of its
possibility, especially following central venous catheteriza-
tion, and the decreasing use of nitrous oxide have reduced
incidence of this complication.

Anemia
There are few data regarding CA secondary to normovolemic
anemia. Anesthesiologists currently tolerate lower levels of
hemoglobin than formerly, but in patients with pre-existing
coronary artery disease, myocardial ischemia can occur. If
hemoglobin levels in healthy patients are allowed to fall
below 8 g/dl, intensified monitoring such as mixed venous
saturation and/or control of serum lactate is required to
prevent inadequate oxygen delivery and acidosis.1

Pulmonary embolism
A sudden decrease in oxygen saturation along with an
additional decrease in end-tidal CO2 measurement are
strong indicators for pulmonary embolism. After a brief
evaluation of ventilator settings and ruling out mechanical

obstruction of tubing and other ventilation-perfusion mis-
matches, immediate diagnosis, as for example, with trans-
esophageal echocardiography, is mandatory.

Allergic reactions
Allergic reactions are relatively common during anesthesia
(frequencies range from 2.2 per 10 000 to 22.4 per 10 000),
but only 3–4% of them are lethal or otherwise serious.29,58

Anaphylaxis can occur as a result of drug administration
(e.g., antibiotics, thiopental, muscle relaxants) or repeated
exposure to latex. Intravenous administration of drug
boluses in short sequences is characteristic of GA. It has
been suggested that many unexplained deaths during GA
can be retrospectively attributed to anaphylactic reac-
tions.59 In a Scandinavian study, 5 CAs that occurred during
200543 anesthetic procedures were related to anaphy-
laxis;19 and in a Japanese survey, 4 CAs occurred out of a
total of 2.3 million.13 With dextran as a prophylaxis against
thrombosis, anaphylactic CA occurred more often,19,29 and
a case report described a fatal intraoperative event related
to aprotinin after local application of fibrin glue.60 Severe
anaphylactic shock due to antibiotic wound cleaning
occurred after tourniquet release at the end of minor
orthopedic surgery of the limbs under RA.61 Muscle relax-
ant allergies have accounted for 60 to 80% of the cases of
anaphylactic shock during anesthesia.62 Unfortunately,
during GA, signs and symptoms of allergic reactions are
often hidden, and hypotension, tachycardia, and bron-
chospasm are misinterpreted as, for example, inadequate
depth of anesthesia or ventilator problems.

Allergy to LA drugs
Allergy to LA drugs is a rare cause of hypotension and cir-
culatory arrest, particularly for amide anesthetics, but this
may occur with amino-ester drugs because of their
metabolites related to p-aminobenzoate. Skin testing is of
uncertain utility. Allergies can also exist for methylparaben
and metabisulfite used as preservatives. Many events
attributed to allergy can also be the result of absorption of
the coinjected epinephrine.

Cardiovascular events
Serious arrhythmias, myocardial infarction, ischemia,
coronary spasm as well as pulmonary embolism account
for the third to fifth ranked principal causes of total CA
during surgery in Japan.13 CA patients who had coronary
ischemia preoperatively had the worst prognosis: 47% of
these patients died.63

Neuraxial block and aortic stenosis
Hypotension from extensive neuraxial block can be espe-
cially problematic in the presence of aortic stenosis.
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Although coronary perfusion pressure falls with develop-
ment of systemic sympathetic block, left ventricular sys-
tolic pressures may remain high because of the stenotic
valve, resulting in high oxygen demand. Development of
myocardial ischemia and contractile dysfunction further
compromises coronary perfusion pressure, and a vicious
cycle is initiated that could result in CA.

Vagal reflexes
Vagal reflexes due to mechanical stimulation of parasym-
pathetic nerves are associated with CA.14 Olsson and Hallen
found that succinylcholine administration resulted in 23
cases of CA;19 notably, only 3 cases were elicited by the first
administration of the drug; additional doses were given up
to seven times! The authors note that succinylcholine-
induced CA became rare after routine use of a small dose of
non-depolarizing muscle relaxant before administration of
succinylcholine although it still occurred. Sprung et al.
describe many asystolic CAs after application of neuro-
muscular reversal agents.15 In all of these cases, prognosis
for successful resuscitation was very good.15,19

Postinduction hypotension
Hypotension is a common precursor of anesthesia-related
CA.12,14,15,19 In one of these studies, 50% of CA patients had
received more than 5 mg/kg of thiopental.19 Data from all
studies suggest that CA after postinduction hypotension
can be regarded as a relative overdose of narcotic and/or
hypnotic induction dose (see below).

Hypovolemia
Hypovolemia and/or impaired venous return is another
important cause of intraoperative CA.12,14,19 This group
includes misguided fluid replacement of expected or
hidden hemorrhage, as well as other fluid losses, such as
sudden evacuation of ascites. Mediastinal compression by
tumor or lymphatic masses is dangerous, reducing venous
return especially if combined with positive pressure venti-
lation.19,64–68 Intraoperative mobilization of a hypovolemic
patient can also trigger CA.12 Prone position reinforces rel-
ative hypovolemia resulting from impaired venous return
and can induce circulatory collapse together with a
reduced compensatory ability.19

Acid–base and electrolyte imbalances
Acid–base and electrolyte imbalance are other major
sources of CA.13,19,69 Dehydration and hypokalemia are pos-
sible contributors, but the effect of hypokalemia has been
studied only in small randomized trials.70 Nevertheless,
hypokalemia might contribute to a worse outcome in
patients with myocardial infarction.71,72 Most commonly,

hyperkalemia triggers CA. Inadvertent administration of
potassium and calcium can affect myocardial activity and
could result in cardiovascular standstill during diastole or
systole. The ratio of potassium-to-calcium in blood is
important; hyperkalemia is more dangerous in the pres-
ence of less ionized calcium. Evaluation of serum potas-
sium must consider effects of changes in serum pH. When
serum pH decreases, serum potassium increases because
potassium shifts from the cellular to the vascular space.
Likewise, when serum pH increases, serum potassium
shifts intracellularly. Elevated levels of serum potassium
should be anticipated before use of succinylcholine in
abnormal muscle states like paraplegia or tetraplegia, inac-
tiveness, tissue breakdown (ischemia of bowels or limbs,
rhabdomyolysis, tumor lysis, hemolysis, and burn injuries),
specific drugs (angiotensin-converting enzyme inhibitors,
angiotensin II receptor blockers, potassium-sparing diuret-
ics, non-steroidal anti-inflammatory drugs, �-blockers,
and trimethoprim), metabolic acidosis, and endocrine dis-
orders (Addison’s disease, or hyperkalemic periodic paraly-
sis).73 Hyperkalemia causing anesthesia-related CA in
pediatric patients has been observed after massive transfu-
sion, reperfusion following liver transplantation, and in
renal insufficiency.16 Renal failure is the most common
reason for increasing of total body potassium. Acute exac-
erbation of hyperkalemia occurs if acidemia develops sec-
ondary to hypoventilation or hypoperfusion. Typically,
during emergence from GA, patients with acute or chronic
renal failure become acidotic because of hypoventilation,
and are at risk of an additional and potentially fatal shift of
intracellular potassium into the intravascular compart-
ment.74 For treatment of hyperkalemic CA, aggressive
reduction of extracellular potassium is mandatory.
Hyperventilation, calcium chloride, sodium bicarbonate,
and glucose plus insulin drive potassium back into the
intracellular compartment and support return of the cellu-
lar membrane potential towards normal.

Environment

Anesthesia is an area in which environmental effects
influence the margin of patient safety. Lagasse defined and
distinguished different types of error.27 Table 59.5 summa-
rizes categories for system error and human error, with
common examples of each.32,75

CA during anesthesia is not always regarded as caused by
error. But if the definition of error is “an act that through
ignorance, deficiency, or accident departs from or fails to
achieve a desired outcome,” all adverse outcomes, espe-
cially ultimately serious ones like CA, are errors.27 Lagasse’s
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definition is consistent with the definition from the
Committee on Quality of Health Care in America: “Failure
of a planned action to be completed as intended” or “use of
a wrong plan to achieve an aim”; the accumulation of
errors results in accidents.31

Kawashima et al. identified detailed causes of CA due to
equipment failure including gas supplies or sources, anes-
thetic machine, breathing circuit, airway device, laser
machine, and other sources.13 Disconnection or miscon-
nection of breathing circuit, arterial/venous lines and loss
of gas (oxygen) supplies have been described.19 Equipment
complications following central venous or pulmonary
artery catheterization such as arrhythmia that progresses
to ventricular fibrillation, tamponade, hemothorax, or
pneumothorax are well known. Complications associated
with central venous access caused 20% of CAs in one
study;14 in pediatric anesthesia-related CA, complications
of anesthesiologist-placed central lines are the most
common equipment-related problems.16 CA from pul-
monary outflow-tract obstruction due to a double-lumen
tube has been described.76

CA during anesthesia is traditionally considered to occur
generally in the OR. In the Australian Incident Monitoring
Study, 129 reported CA occurred in the OR (70%), recovery
room (11%), introduction room (7%), ICU (5%), general

ward (4%), imaging room (1.5%), and in transit (1.5%).24 In
contrast, induction room CA is considerably higher, and
CA during the course of anesthesia is significantly lower
(20%) in two American surveys (Fig. 59.2).14,15 For neurax-
ial anesthesia, the CA occurred at: time of block placement
(4%), between block placement and surgical incision
(19%), during the surgical procedure (62%), and after sur-
gical closure (15%).39 Proper recovery room care is very
important in reducing anesthetic complications,58 because
as many as 60% of patients need special attention in the
postanesthesia care unit.77 The limiting factor to appropri-
ate postoperative care seemed to be lack of personnel.29

Monitoring negligence, malfunction, or available but
not used monitors relate to human error (Table 59.5): inad-
equate vigilance, overdose of drug or inhaled agent, selec-
tion error, and inappropriate airway management are
among the most frequent causes of so called “human
factors.”13 Selection error refers to mistaking one drug for
another,78 as well as to application mishaps, such as CA
resulting from an inadvertent overdose of lidocaine
through an arterial pressure line.79 Errors in drug adminis-
tration occur during anesthesia; “syringe swap” (selection
of the wrong syringe and the erroneous administration of
its contents) is the most frequent error,80,81 occurring in
0.11%–0.75% of cases.82,83
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Table 59.5. Types of error

Error Example

System error Technical accident Postdural puncture headache follows a properly performed spinal anesthetic

Equipment failure Equipment malfunction results in death despite proper maintenance and checks

Communication error Medical consultant’s report is delayed when following the usual channels of 

communication

Limitation of therapeutic Appropriate resuscitative efforts result in death of a multiple trauma victim

standards

Limitation of diagnostic Preoperative assessment fails to predict difficult airway management

standards

Limitation of available Lack of available blood products results in death due to massive bleeding

resources

Limitation of supervision Attending anesthesiologist is unable to prevent a resident anesthesiologist from 

committing a human error because of multiple supervisory responsibilities

Human error Improper technique A short catheter placed in an internal jugular vein dislodges and results in 

hematoma formation

Misuse of equipment Neglecting to perform the prescribed equipment check results in equipment failure 

that contributes to patient death

Disregard of available data Failure to avoid known drug allergen results in unplanned hospital admission

Failure to seek appropriate Failure to check appropriate extubation criteria results in premature extubation, 

data subsequent respiratory failure and need for reintubation

Inadequate knowledge Incorrect interpretation of hemodynamic variables results in pulmonary edema

(From Ref. 27, reproduced with permission.)



The impact of emergency procedures compared with
elective anesthesia remains controversial. Earlier studies
found higher overall mortality during emergency opera-
tions,20,84–86 which was also observed in a study of intraop-
erative CA in the tropics: 75% of CA occurred during
emergency procedures as opposed to 25% for elective
cases.87 Keenan and Boyan found a 6-fold higher inci-
dence of CA in emergency cases, but, surprisingly, only a
very small difference in incidence between ordinary hos-
pital working hours and other times of the day.23 Similarly,
newer studies do not suggest a higher incidence of
CA during non-regular hospital working hours.14,15,39

Newland et al. showed that although 60% of CAs were
emergencies, none of the CA cases attributable to anes-
thesia were emergencies.14 In the survey by Sprung et al.,
168 (75%) CAs occurred during standard working hours
and only 53 (25%) occurred during the night or on week-
ends.15 Notably, if not the incidence of CA, then at least the
likelihood of survival was better for patients who had CA
during standard versus non-standard working hours.15

This finding might be partly explained by poorer perform-
ance induced by fatigue. For example, sleep loss and cir-
cadian disruption result in reduced attention vigilance,
impaired memory and decision-making, prolonged reac-
tion time, and disrupted communications. These create a
situation where there is increased risk of the occurrence of
errors, critical incidents, and accidents.88 On the other
hand, worse outcome for CA during non-regular working
hours might also be explained by delayed access to surgi-
cal resources and fewer available personnel; Sprung et al.
calculated the overall CA outcome and not that related to
the anesthesia.15

Arbous et al. performed a seminal case-control study on
the importance of the “human environment” for anesthe-
sia patient safety.5 Simple anesthetic management princi-
ples appear to have a major effect on perioperative
mortality: direct availability of an additional anesthesiolo-
gist to help or troubleshoot when needed, the use of full-
time compared with part-time anesthetic team members,
and the presence of two persons from the anesthetic team
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during emergence from anesthesia had dramatically posi-
tive effects that were associated with reduced periopera-
tive mortality within 48 hours after surgery and anesthesia.

General anesthesia

As discussed above, CA during anesthesia occurs under
GA, RA, or monitored anesthesia care. The higher inci-
dence observed during GA reflects the higher percentage
of more complex interventions in more complex sur-
roundings for sicker patients rather than the technique
itself. Nevertheless, there are inherent risks during GA
related to drugs and techniques.

Inhalation anesthetics

The type of anesthesia affects hemodynamic variables
before and during the onset of CA. In animals the effect of
induced CA differs widely based on the anesthetic protocol
adopted before CA, a variable that is unfortunately not
always controlled.89 In general, anesthetic drugs can signifi-
cantly affect the cardiovascular system in various ways:
direct myocardial depression, parasympathetic stimula-
tion, sympathetic stimulation, increased excitability of ven-
tricular muscle, hypotension (especially in patients who
are unable to increase cardiac output by increasing heart
rate, such as those with severe valvular stenosis), heart
block, constrictive pericarditis, or anaphylactic reaction.90

Inhalation anesthetics can exacerbate and slow atrioven-
tricular conduction and also have an added negative
inotropic effect. GA can also sensitize the myocardium to
the antiarrhythmic effect of catecholamines.91 In animal
models, where a critical constriction has been created, of
inhalation agents reduces coronary flow autoregulation
and transient episodes of sympathetic overactivity can be
associated with myocardial ischemia. The presence of coro-
nary artery disease is often found postmortem in patients
who die from CA during anesthesia and whose resuscita-
tion was ineffective.92 Although the ischemia resolves at the
end of the anesthetic, mild reductions in the ejection frac-
tion might persist and contribute to postoperative cardio-
vascular complications that can be exacerbated by the use
of large doses of �-blockers and �-blockers.93

Muscle relaxants

CA related to loss of airway has an extremely poor outcome;
essentially no patients survive without neurological deficits
after resuscitation requiring more than a few minutes after
the loss of airway. The use of neuromuscular blocking agents

accounts for the largest category of hypoxic CA14,19,23,94. In
general, the adverse effects of non-depolarizing muscle
relaxants are related to the inability to ventilate or intubate
a patient who does not have spontaneous ventilation after
induction or after extubation. Irreversible hypoxic brain
damage is the most apparent consequence of this type of CA
during GA, while hypoxic brain damage can also be an unex-
pected finding following dysrhythmic CA.95

Succinylcholine continues to be the drug of choice for
urgent tracheal intubation in the perioperative period, in
the emergency room, in the ICU, and even outside the hos-
pital during emergency transportation of patients.96–98

Because succinylcholine has a rapid onset of effect even
when administered intramuscularly, it is also used to treat
laryngospasm, especially when there is associated desatu-
ration with no intravenous access. In some instances,
however, adverse hemodynamic consequences, including
death may occur. One of the most deleterious side effects
is the acute onset of hyperkalemia and cardiovascular
instability associated with its administration in susceptible
patients.99 In particular, depolarizing muscle relaxants are
associated with bradycardia and asystole, especially in
children100 and in adults after repeated doses.19,101

Bradycardia and asystole probably arise from direct stimu-
lation of the carotid baroreceptors producing reflex brady-
cardia and accumulation of acetylcholine, because of
competition for available cholinesterase by the paralytic
agent.101 Patients with congenital muscular dystrophies
are susceptible to hyperkalemia and rhabdomyolysis fol-
lowing administration of succinylcholine.102 This also
occurs with acquired pathological states such as upper or
lower motor denervation, immobilization, infection, direct
muscle trauma, muscle tumor or inflammation, and burn
injury.99

The electrophysiological effects of CA during hypoxemia
elicited by misuse of muscle relaxants are dramatic and
unique.103 An initial sympathetic stimulation is followed by
severe bradycardia and asystole. Increased serum potas-
sium and acute metabolic and respiratory acidosis poten-
tiate the cardiovascular depressant effect of the anesthetic.
Hypercapnia from hypoventilation results in increased cir-
culating catecholamines, but increased serum potassium
levels will eventually enhance the asystole induced by
vagal stimulations.

Intravenous anesthetics and sedatives

Several intravenous anesthetic agents can contribute to
the onset of asystole, including etomidate, with or without
depolarizing relaxants,104,105 and propofol, the putative
mechanism being increased vagal activity.106–108 Several
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surgical stimuli can enhance or initiate the dysrhythmia
through a vagal reflex mechanism that can lead to brady-
cardia or asystole. These surgical areas include: rectum,
uterus and cervix, larynx, bronchial tree, bladder and
urethra, mesentery, carotid sinus, heart, biliary tract, extra-
ocular muscles, and testicles. In addition, long-term
propofol infusion has been shown to be associated with
metabolic acidosis, rhabdomyolysis, and cardiac failure in
adults,109,110 as well as in children.111

Dexmedetomidine, a recently introduced �2-adrenergic
receptor agonist with sedative, analgesic, and anxiolytic
properties has been associated with CA.112 This agent, a
full agonist of the �2-adrenergic receptor that decreases
the requirement of GA with relevant respiratory depres-
sion, is associated with severe bradycardia and hemody-
namic instability. The effects of dexmedetomidine can be
increased by an epidural block, and dexmedetomidine
itself can potentiate other negative chronotropic drugs
such as digoxin and pyridostigmine. The asystole is
usually brief and responds to parasympatholytic agents.
In patients undergoing GA with dexmedetomidine, the
potential for asystolic CA should be kept in mind.

Medication associated with prolonged Q–T interval

Sudden episodes of unexplained CA during surgery have
been attributed to Q–T prolongation. In general, CA is
unexpected in this patient population and very difficult to
reverse.113 High adrenergic state, intrinsic myocardial
disease, electrolyte abnormalities such as hypokalemia,
hypocalcemia, and anti-arrhythmic agents like quinidine,
procainamide, imipramine, amiodarone, and pheno-
thiazines can all promote acquired Q–T prolongation. This
latter group of patients often has a normal preoperative
baseline electrocardiogram. If the diagnosis is suspected
or confirmed, preoperative aggressive electrolyte correc-
tion of calcium, potassium, and magnesium as well as
mild �-blockade and perioperative cardiac pacing should
be considered.

Malignant hyperthermia (MH)

Malignant hyperthermia (MH) is a rare but well-
described cause of CA during GA.114 Although there are no
stereotypically clinical features of MH, conditions such as
masseter spasm by exaggerated response to succinyl-
choline could indicate the syndrome. Hypermetabolic
state follows with increased lactate levels, body tempera-
ture, and CO2 production; muscle rigidity with evidence
of massive rhabdomyolysis is seen in both urine and
serum. The ultimate cause of death is usually asystole

from hyperkalemia secondary to massive rhabdomyoly-
sis and extrusion of potassium from damaged cells that
is exacerbated by sympathetic stimulation and severe
metabolic acidosis. The pathophysiological trigger of this
disease is an increased sensitivity to halogenated anes-
thetic drugs such as halothane, isoflurane, sevoflurane,
and desflurane, or depolarizing neuromuscular blocking
agents, e.g., succinylcholine. The triggering agent causes
an imbalance of ionized calcium homeostasis within
skeletal muscle cells. Increased intracellular calcium
increases glycolysis demand for ATP and metabolism. The
massive activity of ATPase becomes important in lack of
myofilament relaxation and calcium sequestration of the
sarcoplasmic reticulum and sarcolemma. Increased body
temperature and CO2 production (end-tidal CO2) are
usually indicators that the hypermetabolic response has
already started. More than 50% of MH families have
mutations in the ryanodine receptor, the calcium channel
of the sarcoplasmic reticulum.114 This pharmacogenetic
disease is inherited as an autosomal dominant trait, and
penetrance is variable. In MH families with known MH
causative mutations, molecular genetic diagnosis of MH
susceptibility is an established procedure.115,116 Because
of the heterogeneity of the MH trait, an MH-negative
diagnosis must not be concluded without the halothane
and caffeine in vitro muscle contraction test. Clinical
findings that raise suspicion of MH are: family history,
masseter rigidity, respiratory acidosis, hypoxemia, rhab-
domyolysis with increased creatine kinase and myoglo-
bin urea, increasing temperature (usually a late sign), and
cardiac dysrhythmias.

Awareness of the problem and introduction of sodium
dantrolene have decreased the mortality of MH during GA
from 80% in the 1960s to less than 10% today.117 If MH is
thought to be the cause of CA in the OR, the triggering
agent must be immediately discontinued and the patient
should be ventilated with 100% oxygen at high flow. Use of
calcium as an add-on to the resuscitation protocol should
be an immediate consideration; a solution of dextrose 50%
in water and IV insulin 1 unit for each 10 g of glucose
should also be given. Early administration of bicarbonate
and hyperventilation might be necessary to decrease
extravasation of potassium. The patient should also be
cooled as soon as feasible. The main therapy is immediate
administration of sodium dantrolene. Ideally, the therapy
is started with a dantrolene bolus of 2.5 mg/kg and
repeated every 5 minutes to a total dose of 10 mg/kg. A
proven MH should trigger rapid and comprehensive com-
munication with the patient and the family to take appro-
priate steps to protect themselves from an MH crisis if they
undergo GA.118
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Regional anesthesia

Introduction

RA is often chosen over GA because of the belief that disas-
trous complications will be less likely. Although this is cer-
tainly true for peripheral nerve blocks with a small volume
of LA, such as a digital block, evidence indicating a lower
CA rate for RA is weak. In part, this is due to the overall low
rates of catastrophic circulatory complications during
both RA and GA. There are, however, factors unique to RA
that are inherently risky. Sudden loss of sympathetic activ-
ity in an extensive portion of the body is unique to neurax-
ial (spinal and epidural) anesthesia. Also, RA is the only
routine medical treatment in which the intended target
for injection might be only a few millimeters from a locale
that would result in a massive toxic response, such as
intravascular injection of LA solution during brachial
plexus blockade, or intrathecal injection during epidural
blockade.

Systemic LA toxicity

The desired effect of LAs when used for RA is temporary
interruption of axonal conduction in peripheral nerves,
thereby suspending sensation and motor activity of the
distal body part. LA toxicity/neurotoxicity at the injection
site is a rare clinical problem that could produce cauda
equina syndrome after lidocaine spinal anesthesia or
delayed recovery of function after peripheral nerve block-
ade. Much more serious systemic consequences may
follow unintended intravascular injection of large doses of
LA solution intended for nerve plexus blockade or epidural
blockade.

Presentation

The earliest signs of systemic LA toxicity are due to subtle
cerebral dysfunction, including tinnitus, odd metallic
taste, or confusion and dysphasia, which may be followed
by generalized seizure activity. Higher serum levels may be
tolerated if levels rise slowly, whereas abrupt increases in
circulating levels, such as from unintended intravascular
delivery of a large LA bolus, are more likely to cause com-
plications. The predominant circulatory manifestations in
the deeply sedated patient or in one in whom RA is com-
bined with concurrent GA are low cardiac output and
blood pressure. Alternatively, dysrhythmias are often the
initial circulatory manifestation in awake patients. A less
common mechanism for systemic LA toxicity is rapid
uptake from the injection site in the absence of direct

injection into a vessel, such as when a large volume of
agent is administered throughout a large area of tissue so
that a large surface is involved in uptake. This occurs with
multiple intercostal blocks or extensive subcutaneous
infiltration for liposuction.

Etiology

Peripheral circulatory effects of LAs
Studies of direct effects of LAs on vessels show highly vari-
able responses, from constriction to dilatation, depending
on dose.119,120 Toxic levels of bupivacaine in intact animals
raise systemic vascular resistance, and when systemic tox-
icity leads to seizures, increased sympathetic tone causes
vasoconstriction. Thus, the principal mechanism by
which LAs depress the circulation is through actions on
the heart.

Depression of myocardial contractility
LAs produce a dose-dependent decrease in myocardial
contractile force. Whereas the clinical efficacy of LAs is
through blockade of neuronal voltage-gated Na� channels,
myocardial depression probably results from other mech-
anisms.121 LAs, especially bupivacaine, block cardiac Ca2�

channels,122 which in turn, reduces the Ca2� available for
triggering its release from intracellular Ca2� stores. Release
from this sarcoplasmic Ca2� pool is also inhibited by the
action of LAs on the Ca2� release channel of the sarcoplas-
mic reticulum.123,124 The final result is a lower level of cyto-
plasmic Ca2� and therefore weakened contraction.

Additional evidence points to disruption of cellular
energy metabolism by LAs at various sites in the pro-
duction and use of ATP.125,126 Two processes have been
identified as targets for inhibition by LA. In isolated mito-
chondria, LAs uncouple mitochondrial oxidative phos-
phorylation and increase metabolic rate. Additionally,
inhibition of complex I of the respiratory chain reduces
energy production.127 The relative contribution of lowered
intracellular Ca2� and inhibition of energy metabolism to
myocardial depression is not clear, but the high LA con-
centrations necessary to inhibit Ca2� entry indicate that
altered energy metabolism might predominate at usual
concentrations. LA inhibition of cyclic AMP production
(particularly by bupivacaine) might also contribute to
myocardial depression and interfere with the thera-
peutic effects of epinephrine,128 probably by inhibiting
binding of �-adrenergic receptor agonists.129 At equi-
potent doses, bupivacaine depresses contractility some-
what more strongly than lidocaine, as demonstrated by
injections into the coronary arteries, which avoids other
systemic effects.
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Altered cardiac electrophysiology
The pattern of dysrhythmia caused by toxic doses of long
acting agents such as bupivacaine and etidocaine differ
from that of other LAs. Whereas lidocaine in progressive
doses eventually leads to circulatory failure and hypo-
tension with only sinus bradycardia or atrioventricular
block, the typical pattern with bupivacaine is widening of
the QRS complex, malignant ventricular dysrhythmias,
electromechanical dissociation, and refractory asystole.
Cardiovascular collapse occurs at doses only 3.7 times the
dose that causes seizures. This “safety ratio” for lidocaine
is 7.1 and etidocaine is intermediate at 4.4. In many clini-
cal and laboratory reports, resuscitation is especially diffi-
cult with bupivacaine.

These unique features of bupivacaine are due to the
kinetics of its binding to cardiac Na� channels. LAs bind
channels during their open configuration. Bupivacaine
dissociates from the inactivated channel with a time con-
stant of 1.5 seconds, unlike the 0.15 second for lidocaine.
Even with normal heart rates, bupivacaine does not
completely leave the channel during diastole, so that the
next depolarization and channel opening binds more
bupivacaine, producing an accumulation in the heart.130

Lidocaine has time to leave the inactivated channels
during diastole, so accumulation and intensification of
blockade do not occur. At death, the heart:blood concen-
tration ratio for bupivacaine is 3.5 compared with 2.0 for
lidocaine.

Automaticity is somewhat depressed by LAs in most
studies. Phase 4 depolarization of pacemaker cells during
diastole is slowed, due to Ca2� channel blockade. In iso-
lated hearts, pacemaker rates are slowed more by bupiva-
caine than by lidocaine and the effect is amplified by
hypoxia and acidosis. Both effects are greater in neonatal
hearts.131 Conduction alterations occur at concentrations
of LA lower than are necessary for changes in automaticity,
and are responsible for the most troublesome electrophys-
iological complications, namely ventricular tachydys-
rhythmias for the long-acting amides and heart block for
the other agents. Cardiac impulse conduction is slowed by
LAs,132–134 because diminished inward Na� current depo-
larizes adjacent membrane more slowly, which produces a
prolonged PR interval, a widened QRS complex, and atrio-
ventricular block. Slowed conduction also leads to unidi-
rectional block and reentry, which in turn can produce
ventricular tachycardia and fibrillation. Intracoronary
doses necessary to produce these dysrhythmic arrests are
16 times greater for lidocaine than for bupivacaine.135 A
central nervous mechanism might contribute to bupiva-
caine cardiotoxicity. Direct intracranial bupivacaine
administration is followed by ventricular dysrhythmias,136

probably via activation of the sympathetic nervous
system,137 but this has been disputed.138

Contributory factors
Hypoxia and acidosis have consistently been observed to
increase the cardiac toxicity of LAs, especially bupivacaine.
Hyperkalemia decreases the dose of lidocaine and, espe-
cially, bupivacaine necessary for cardiovascular collapse in
ventilated dogs, whereas it has no effect on seizure thresh-
old.139 Pregnancy probably does not increase bupivacaine
cardiotoxicity.140

New LA drugs
Levobupivacaine, the S(-) enantiomer (one of a pair of
mirror image isomers) of bupivacaine, has been known
for some time to be less toxic than the R(�) enan-
tiomer or the racemic mixture.141 Ropivacaine is similar
in structure to bupivacaine and mepivacaine, but is pre-
pared as a pure S(-) enantiomer. Ropivacaine exits the
Na� channel more rapidly than bupivacaine does, but
still much more slowly than lidocaine.142 Myocardial
depression produced by circulating ropivacaine, bupiva-
caine, and lidocaine is proportional to their nerve-
blocking potency.143 With the more serious complication
of conduction disturbance, in vitro studies show ropiva-
caine and levobupivacaine are much less potent than
bupivacaine in depressing cardiac excitation and con-
duction.144–146 The diminished dysrhythmogenesis from
levobupivacaine is supported by studies with intact
animals,147–149 whereas results for ropivacaine are less
clear.140,150 Like bupivacaine, demise from ropivacaine is
most often accompanied by ventricular dysrhythmias.150

Higher circulating levels of ropivacaine after equal doses
compromise its increased cardiac safety. Comparisons of
ropivacaine and levobupivacaine toxicity in vivo have not
demonstrated a difference in dysrhythmogenesis.151,152

Sympathetic block-related bradycardic arrest

Presentation

Bradycardia or nausea may be the first indications of cir-
culatory compromise from extensive blockade.153 Factors
that increase the risk of hypotension after spinal anes-
thesia include age (greater in adults than in children
and in adults over 40 years of age), extensive block, low
initial blood pressure (systolic less than 120 mmHg),
in combination with GA, higher puncture site for injec-
tion, and inclusion of phenylephrine in the anesthetic
solution.154–156 Additional factors may include female
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gender, cementing a prosthesis, and deflation of a leg
tourniquet.157,158

Whereas hypotension during neuraxial anesthesia is
common and easily treated, a combination of profound
bradycardia, asystole, and circulatory collapse can occa-
sionally develop without any obvious precipitating cause
during spinal or epidural anesthesia, often with poor
outcome.42,159 The patient may be conscious and talking
right up to the moment of arrest. The typical bradycardic
event occurs well after injection of the anesthetic and is not
clearly related to unintended levels of blockade,45 unlike the
incidence of hypotensive events.160 The timing of the onset
is a mystery, but it may be due to a situation of diminished
stimulation of the patient. The initial presentation might be
apnea or bradycardia. Prodromal slowing of the heart rate is
not a uniform feature, nor is hypoxia or excessive seda-
tion,42,43,161 although these can contribute. In one study,
however, use of sedation decreased the incidence of hemo-
dynamic side effects of spinal anesthesia,160 conceivably
due to avoidance of emotional stress that may also trigger
severe bradycardia during sympathetic blockade.162

Epinephrine infusion is not preventive.42 It appears that
bradycardic CA during neuraxial anesthesia is increasing.163

Factors predisposing to the common form of bradycar-
dia without arrest are more easily determined than are
those leading to reflex bradycardic arrest, which is rare.
These risk factors include low baseline heart rate, use of �-
adrenergic blockers, prolonged PR interval, extensive
anesthetic block, young age, and low ASA status (i.e.,
healthy subjects).154,158,164 It is not certain that these factors
also put a patient at risk for full arrest, but they require
extra attention. It is possible that obesity and the prone
position are also risk factors.

Etiology

Neuraxial anesthesia substantially limits sympathetic
activity to the areas of the body affected by sensory block-
ade. Whereas a block limited to the lower extremities rarely
produces serious hemodynamic problems, more extensive
blockade can produce hypotension and diminished
cardiac output. Blockage of sympathetic innervation to the
heart (T1–T5) minimally affects myocardial contractility,
and chronotropic responses to isolated cardiac denerva-
tion are mild. Unlike narrow segmental block, however,
extensive spinal or epidural block with significant vasodi-
latation typically produces bradycardia and a depressed
baroreceptor response, so that low systemic blood pres-
sure fails to induce accelerated heart rates. This change in
baroreceptor performance does not require blocking of
T1–T5, indicating that the heart rate response to neuraxial

anesthesia is not due to blockade of cardiac accelerator
fibers. Indeed, heart rate changes and increased barore-
ceptor reflex sensitivity due to blockage of T7 and below
can be reversed by compression of the legs and abdomen
by inflation of MAST trousers.165 The reflex changes follow-
ing neuraxial block are probably due to unloading of
low-pressure receptors in the heart and great veins.
Endogenous opiate mechanisms in the central nervous
system contribute to abrupt vasodilatation that accompa-
nies substantial hypovolemia, so naloxone therapy could
be considered.166

The mechanism behind these phenomena originates
with sensory events in the heart.167–169 Inhibitory depressor
reflexes can be initiated by vigorous contraction around an
almost empty ventricular chamber, which produces wall
deformation.170 The combination of an increased inotropic
state of the heart and decreased left ventricular volume is
the most potent stimulus for this response.171 The Bezold–
Jarisch reflex is a similar depressor phenomenon originat-
ing in the heart in response to chemical stimuli.44

As noted above, the sympathectomy state is unique with
regard to regulation of heart rate. Low systemic blood pres-
sures are not accompanied by high heart rates. This creates
an unstable system with positive feedback: venodilation,
especially of the splanchnic circulation,172,173 decreases
cardiac filling and leads to further sympathetic withdrawal
and vagal hyperactivity. Increased cardiac contractility
from elevated sympathetic activity in unblocked segments
may amplify the cardiac wall deformation that stimulates
the depressor reflex. There is evidence that neuraxial
anesthesia may trigger such a reflex sequence.174 Overall,
these events resemble typical fainting from other causes
in upright subjects. Like fainting, this hemodynamic
sequence is not found in patients receiving sedation or GA.
Patients who develop hypotension and bradycardia display
a sudden increase in the baroreceptor sensitivity and fre-
quency domain, which is evidence of elevated sympathetic
activity.175 Sympathetic block prevents an effective barore-
ceptor-driven compensation. A downward spiral is further
encouraged by cerebral hypoperfusion and an obtunded
response to hypoxia from epidural block.176

Prevention

Although there are no data to guide strategies to avoid
sudden bradycardic arrest during neuraxial anesthesia,
development of substantial hypovolemia should be avoided
in patients with extensive neuraxial blocks, especially if they
are young and fit, and hypovolemia should be corrected
before initiating neuraxial anesthesia. Treatment of heart
rates lower than 50 beats/minute should be considered, in
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order to anticipate and prevent the potential development
of more severe bradycardia and arrest.43,177

Anesthesia outside the operating room (non-OR
anesthesia)

Overview

Anesthesia outside the operating room (non-OR) has the
same inherent risk factors and causes of CA as described
above, but with certain specific problems. Most are linked
to anesthetic drugs, techniques, and equipment being
used in unfamiliar and less controlled surroundings, often
by less trained personnel. Consequently, risks of CA as a
fatal complication to anesthetic practice may be higher
than in the more controlled OR environment.178

GA is frequently used for emergency airway manage-
ment. Anesthetic drugs are used for procedural sedation in
the emergency department with the inherent risk of com-
plications such as CA, especially in children.179

Office-based anesthesia and anesthesia in remote areas

Office-based anesthesia has become increasingly popular.
It can be viewed as an extension of ambulatory (day case)
anesthesia taking place in free standing (solo) physicians’
and dentists’ offices.180 Most procedures involve a combi-
nation of LA and sedation or GA with drugs like propofol
and sevoflurane.

In the day-surgery clinics, in both private and academic
practices, overdosages of either inhalation or intravenous
anesthetics have been described as associated with
CA,181,182 in particular in dental practices. Indeed, in a dis-
proportionate number of patients CA occurs in oral/dental
maxillofacial office practices, which suggests that the anes-
thetic risk might be significantly increased in this patient
population even though the event is still relatively rare.183

In the early 1990s, a questionnaire was sent to all dentists
practicing in the United States and follow-up letters
describing 43 cases of CA were reported with a total mor-
tality of 81.4% of the cases.184 Remarkably, pre-existing dis-
eases were not statistically associated with mortality, but
multiple pharmacological agents and limited monitoring
and resuscitative efforts were statistically associated with
mortality. Basic and advanced cardiac life support was
used in fewer than 50% of the cases.

Both GA and monitored anesthesia care were responsi-
ble for CA although the data were limited. The greater the
number of pharmacological sedative agents used, the
higher the risk of CA, indicating the need for a more wide-

spread knowledge of anesthetic agents and their adverse
effects, and of resuscitation skills for health professionals
involved in dental practices.185,186 The danger of CA with
office-based anesthesia was brought to public attention
when a review in the United Kingdom showed several cases
of anesthetic deaths in dental offices.187 This resulted in
specific recommendations on who should provide anes-
thesia and what resuscitation equipment and emergency
drugs should be available. With an ever increasing demand
for anesthesia in this context, there are obvious medico-
legal aspects as to who provides the anesthetic service.188

There are scant data on the epidemiology of CA during
office-based anesthesia. The overall mortality and risk of
severe morbidity appears to be very low,180 particularly when
solo practitioners report their own data,189,190 whereas state
or national audits report less favorable safety records.187,191

Office-based anesthesia aims to reduce overhead costs of
ambulatory surgery. This can conflict with the obvious need
to provide national practice guidelines for anesthetic per-
sonnel, anesthetic equipment, monitoring, recovery areas,
availability of emergency equipment, and resuscitation
drugs. Patients should demand the same standards of care
for both solo ambulatory surgical and diagnostic units.180

Other non-OR anesthetic locations are classified as
“remote areas”:178,180 psychiatric hospitals for electro-
convulsive therapy, gastroenterology laboratories for
endoscopy, the radiology department for diagnostic proce-
dures such as computed tomography and magnetic reso-
nance imaging or interventional neuroradiology, and,
increasingly, the cardiology laboratory for acute percuta-
neous coronary angiography and/or percutaneous coro-
nary intervention. Sprung et al. studied the outcome of CA
in patients undergoing invasive cardiology procedures over
an 11-year period (1990–2000).192 The overall incidence of
CA was 21.9 per 10000 procedures; this rate decreased from
33.9 per 10 000 before 1995 to 13.1 per 10 000 after 1995.
Overall survival to hospital discharge after CA was 56.1%.

In all “remote” locations anesthesia providers may not be
accustomed to the special machines and monitors, and
have limited access to both the patient and an experienced
assistant. Although the risk of anesthesia complications
resulting from technical and human failures in remote
areas might be expected to be higher than in a hospital
setting, this has not been frequently studied178 and prob-
lems tend to be illustrated by case reports.193

Anesthesia and sedation in the ICU and emergency
department

In the ICU and emergency department (ED) anesthesia
is mainly used to facilitate emergency airway management
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in critically ill and injured patients. Rapid sequence endo-
tracheal intubation in these patients carries the risk of
CA linked to patient factors, to the use of cardiodepres-
sive drugs in patients with circulatory failure with different
etiologies, and to hypoxia and bradycardia following diffi-
cult or failed intubation. Assistance during the procedure
and back-up help from more experienced personnel might
not be available to the same extent and adequate monitor-
ing and alternative airway devices might also not be
present. Hence, the use of anesthesia in these circum-
stances carries a higher risk of complications than in the
more controlled environment of the OR.

Anesthetic drugs like propofol, etomidate, ketamine, or
fentanyl are generally used alone to provide procedural
sedation and analgesia, but they can also be used in
combination, and although descriptions like “sedo-
analgesia,” “controlled sedation,” and “awake sedation”
are used, this practice carries the same risks (overdosing
patients, losing control of the airways, and other side-
effects) for CA as with giving “full anesthesia”.179,194,195

In most hospitals, doctors (anesthesiologists, inten-
sivists, emergency physicians) provide this care, although
elsewhere, it may be provided by nurse anesthetists.
Independent of care provider training, both quality and
safety aspects of airway management must be considered
in deciding who should provide anesthetic and sedative
service in the ICU and emergency department, and how
such service is provided.

Prehospital anesthesia and analgesia

The same concerns also apply to prehospital anesthesia
and analgesia. Again, anesthetic drugs are mainly used to
facilitate endotracheal intubation.196 One difference com-
pared with hospital care is that in many emergency medical
service systems non-physicians (paramedics, flight nurses)
are allowed to use rapid sequence endotracheal intuba-
tion.197 Further, the prehospital working environment is
variable, not secure, and uncontrolled. Hence, the legal,
quality, and safety aspects of prehospital anesthesia are of
major concern. Although in many studies, self-reporting of
data has concluded that the prehospital use of anesthetic
drugs and techniques by non-anesthesiologists is both safe
and improves outcome, recent studies198,199 and editori-
als197 have cast doubt on the benefits and safety of this prac-
tice. Importantly, even in prehospital EMS staffed with
anesthesiologists, the incidence of critical incidents with
the potential for CA is reported to be almost 10%.196 Hence,
both training and experience of personnel, adequate
monitoring and equipment, as well as documentation are

important to ensure high quality prehospital anesthesia
and analgesia. Patient safety is the key word. The potential
benefits of inducing anesthesia must always be weighed
against its risks, whether the goal is to ensure ETI in criti-
cally ill patients or to provide adequate pain relief in trauma
patients.

Prevention

Perioperative CA is rare and has a better outcome than
either in-hospital or out-of-hospital CA.94,200 A substantial
percentage of anesthetic-related CAs are caused by human
error (inadequate vigilance, inappropriate airway manage-
ment, drug overdose) and are considered to have been pre-
ventable (53% Kawashima et al.;13 91% Biboulet et al.12). We
describe below some key elements that can contribute to
effective crisis management.

Monitoring requirements

Large closed-claim analyses have identified associations
and causes leading to CA.13,15,42,201,202 Adequate monitoring
is mandatory for real-time assessment of a patient’s condi-
tion, especially as adverse outcomes occur as a result of
unexpected reactions. Thus, monitoring devices that
provide sufficient real-time information to manage unex-
pected adverse events should be available whenever
patients are exposed to increased risk due to iatrogenic
intervention. The minimal recommended monitoring
consists of: a two-lead electrocardiogram monitor, non-
invasive blood measuring device, and pulse oximetry.
Capnography is mandatory whenever endotracheal intu-
bation is performed. Nasal side stream capnography is
more sensitive than pulse oximetry in detecting hypoven-
tilation during conscious sedation. Whenever artificial
ventilation is used, oximetry of the inspired gas and a dis-
connecting alarm system should be available. Invasive
arterial blood pressure monitoring is very helpful in
patients with a higher risk for cardiovascular collapse
during induction or maintenance of anesthesia. Bispectral
index monitoring is a new device used as a marker for the
patient’s hypnotic state. Several case reports indicate a
potential benefit for its use during resuscitation in the peri-
operative setting.203–206 There should be continuous moni-
toring from the start of anesthesia until the patient is in the
recovery room or intensive care unit, including the trans-
fer between the different suites.

While monitoring requirements have been defined for
areas where anesthesia is normally administered, remote
areas such as obstetric wards have less equipment. Notably,

Cardiac arrest during anesthesia 1061



in an RA closed-claims analysis, most of the CA cases
that were not monitored occurred outside the OR.163

Discordance between different monitoring devices or
between clinical signs and the results from monitoring
equipment must be carefully checked and reassessed,207 to
avoid likely medical errors.

Minimal safety standards

Because these are only a few major causes for the majority
of all adverse events, and most of these adverse events are
considered to be preventable and are associated more
often with human error than with technical or equipment
failure, practice standards (rules or requirements repre-
senting generally accepted principles of sound patient
management) and guidelines (systematically developed
recommendations that have a higher degree of adherence)
have been developed.201,202,208 They describe a range of
broadly accepted basic management strategies judged to
be feasible by experts and based on the best available evi-
dence from the literature;209,210 nevertheless, they can be
modified depending on circumstances. Many national
societies of anesthesiologists have promulgated collec-
tions of practice standards, recommendations, and/or
guidelines that contain minimal safety standards.211

Minimal safety standards for anesthesia require the
following:
• A sedated or anesthetized patient is never without sur-

veillance by an anesthesiologist or a nurse anesthetist.
• During induction and emergence, the person in charge

of the anesthesia has to be supported by another quali-
fied person trained to assist with anesthesia.

• A staff anesthesiologist has to be immediately available.
• The minimal equipment (including prepared drugs for

management of potential side effects) and monitoring
devices must be available and checked for function
before the anesthesia is started.

• Each patient has an intravenous line inserted as soon as
possible and checked for correct infusion.

• Emergency materials such as defibrillator, difficult
airway management tools, and ventilation bag with
transportable oxygen are easily available.

• Standard operation protocols for RA and GA techniques
including rapid sequence induction have to be defined
and implemented.

Checklists for control of equipment and material before the
start of a procedure as well as for defined emergencies (i.e.,
CA, toxicity of LA or MH) offer clear-cut guidance during
complex and stressful crisis management. In contrast to
the aviation industry, acceptance and daily use of check-
lists are still not yet established in medicine.

Treatment principles

If minimal safety standards211 are followed, CA during anes-
thesia will always be witnessed and immediately diag-
nosed. Indeed, CA during anesthesia has clear advantages
compared with other in-hospital or out-of-hospital loca-
tions: pre-established intravenous access, emergency
drugs, oxygen, airway management devices, monitoring
equipment, and a defibrillator are immediately available.
Furthermore, anesthesiologists and nurse anesthetists
should be familiar with resuscitation guidelines and should
also be regularly retrained. Additional personnel should be
close by or at least on call and quickly available. These
advantages may explain the far better outcome of patients
who have CA during anesthesia compared with CA in other
situations. Guidelines and all the specific technical and
pharmacological aspects of resuscitation are discussed in
detail in Chapters 25–42.

Some features of CA specific to perioperative conditions
are addressed briefly: the major cardiac rhythm at the
onset of CA from anesthesia is bradycardia or asystole
(45%); other pathological cardiac rhythms are tachycardia,
ventricular tachycardia, or ventricular fibrillation (14%),
pulseless electrical activity (7%), and not assessed rhythms
(33%) (Table 59.6).24 Treating CA during anesthesia must
take these different circumstances into account and the
published CPR guidelines, which were developed for the
non-anesthesia-related CA patient population, must be
adapted to the situation.

The basic goal is to restore cardiac pump function
without hypoxic side effects to the brain and heart. Today,
the use of pulse oximetry and capnography is mandatory
and CA as the first sign of hypoxemia should be the excep-
tion. Nevertheless, inadequate alveolar oxygen supply
must be ruled out: 100% oxygen should be administered in
all cases of CA. If supplemental oxygen administration is a
standard operating procedure (SOP) for all patients experi-
encing GA or neuraxial RA, a supranormal alveolar oxygen
tension at the beginning of CA can be expected.

Maintenance of perfusion pressure and blood flow in
coronary arteries and cerebral circulation is the other most
important goal to ensure oxygenation and drug transport
to the target organs and improve the chances for success-
ful restoration of cardiac pump function. In witnessed CA
with tachydysrhythmia, immediate defibrillation is the
therapy of choice.212 If a defibrillator is not instantly avail-
able or if the cardiac rhythm at the time of arrest is not
shockable, chest compression must be started immedi-
ately and rigorously,213,214 despite the risks of compromised
asepsis and/or mechanical tissue damage at the surgical
field as well as at the cardiopulmonary site. Epinephrine
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and atropine, if indicated, should be administered aggres-
sively. The side effects of the recommended dosages have
to be balanced against the potentially harmful blood pres-
sure elevations during ongoing surgery. There is evidence
that management of CA in association with anesthesia
tends to be less aggressive than recommended,24,163 but the
impact of these defensive reactions on outcome is
unknown.

Identifiable causes of CA during anesthesia have to be
treated aggressively during ongoing CPR. Hypovolemia
must be prevented and, if present, aggressively corrected.
Tension pneumothorax must always be kept in mind
during mechanical ventilation. Opioids, muscle relaxant
drugs, and sedative or anesthetic drugs influence physio-
logical respiratory regulation. Hypoventilation during
mechanical and spontaneous ventilation leads to acute
respiratory acidosis and could cause harmful electrolyte
disorders with the risk of CA, especially in susceptible
patients. Thus, during emergence from anesthesia and
immediately thereafter (transfer to and early recovery
room period) patients must be carefully checked.

CA and RA
Effective management of CA during RA must be aware of
the toxicity of LAs, relative or absolute hypovolemia, and/
or imbalanced vegetative nervous system reactions caused
by neuraxial RA.

Toxicity from LAs: Early and aggressive treatment of
seizures and cardiovascular collapse, including repeated
large doses of epinephrine, might reduce mortality from
massive intravenous doses of bupivacaine.215 Although
both epinephrine and bupivacaine are dysrhythmogenic
drugs, epinephrine is less likely to cause dysrhythmia after
bupivacaine than without.216 Amiodarone can prevent
cardiovascular collapse.217 Magnesium sulfate suppresses
bupivacaine-induced dysrhythmias.218 Unfortunately,
there is no magic cure for CA that results from LA toxicity.
Aggressive standard resuscitation techniques should be
sustained for a prolonged period and electrolyte as well as
acid–base imbalances should be normalized.

CA during neuraxial anesthesia: CA is typically associ-
ated with extensive blocks reaching to sensory levels

T4–T5. With a sensory block of T4, the cardiac accelerator
fibers originating from T1–T4 may be completely blocked.
Effects of direct blockade of cardiac sympathetic outflow
and indirect mechanisms via cardiac reflexes cause severe
bradycardia.44,219 The relative hypovolemia induced by
vasodilatation also results in reduced venous return. Basic
treatment must increase cardiac frequency (�-mimetic
effect of epinephrine and atropine blocking the increased
vagal tone) and restore the intravasal volume (fluid resus-
citation, supported by vasoconstricting agents). Successful
resuscitation aims for efficient coronary perfusion pres-
sure. Epinephrine is recommended at doses of 0.01 to
0.1 mg/kg for profound bradycardia, whereas 1 mg of epi-
nephrine is recommended for CA.42,43,220,221 Vasopressin
might be advantageous for CA during RA compared with
epinephrine.222

Instant call for help, communication, organization, and
delegation of tasks are crucial for managing CA success-
fully. Resuscitation requires a team leader who coordinates
and gives clear directions. CA is always stressful for the
team involved. Checklists should help participating per-
sonnel to proceed in a well organized fashion and without
missing key points even when managing CA caused by rare
events. Debriefing should be part of the procedure, irre-
spective of the outcome.

Educational aspects

“To Err is Human: Building a Safer Health System” was
published in 1999 by the Institute of Medicine.31 This
report stated that as many as 98 000 people die annually
as the result of medical errors, which initiated a world-
wide expression of concern about patient safety.
Although progress since then has been slow, the Institute
of Medicine report truly “changed the conversation” to a
focus on changing systems, stimulated a broad array of
stakeholders to engage in patient safety, and motivated
hospitals to adopt new safety practices (Table 59.7). The
pace of change is likely to accelerate, particularly in the
implementation of electronic health records, diffusion of
safe practices, team training, and full disclosure to
patients following injury.223 The concept that bad
systems, not bad people, lead to the majority of errors and
injuries, will become one of the mainstays in healthcare
education.

Impact of human factors

Most of the anesthesia-related CAs are considered to
be preventable and to have involved human error or
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Runciman24 Spring15

Asystole/Bradycardia 46 83

Tachycardia/VF/VF 14 13

Normal 7 4

Not Indicated 33



inadequate human resources.13,24 The incidence of CA
coincides with the number of qualified anesthesiologists
in a department (Fig. 59.3),19 and organizational factors
such as intraoperative presence of trained anesthetic per-
sonnel are associated with decreased mortality after
surgery.5 The mortality rate and failure to rescue from CA
were lower when anesthesiologists directed anesthetic
care and when a board-certified anesthesiologist was in
charge.224,225 A higher nurse-to-patient ratio and higher
level of education of the nurses decreases postoperative
mortality and failure to rescue.226,227 It is suggested that the
best outcomes take place when anesthesia is provided by
a professional care team.228,229 Such care teams cannot rely
merely on new scientific developments or technology, but
they must also incorporate non-technical information.
This has recently been introduced,230 because a profound
deficit of core skills still remains, such as: team perfor-
mance, behavior, learning from and with others, and
increasing sensitivity to the pitfalls and human factors
influencing interactive and interdisciplinary proce-
dures. In a recent editorial, Gaba addresses the important
question, “What makes a “good” anesthesiologist?”.231

Although good clinical care in anesthesia has many com-
ponents, the ability to diagnose and treat acute, life-
threatening perioperative abnormalities is near the top of
most anesthesiologists’ lists.232

Individual behavior and team

Medical education must include information that consid-
ers “human factors.” Disciplines and companies tradi-
tionally involved in risk management procedures
originally focused on improving safety and usability at the
interface between humans and machines through
improved design. The term “human factors” relates to a
much broader interdisciplinary study of the working
environment. Human factors draw on the fields of sociol-
ogy and psychology (emphasizing cognitive, industrial,
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Table 59.7. Clinical effectiveness of safe practices

Intervention Results

Perioperative antibiotic protocol Surgical site infections 

decreased by 93%a

Physician computer order entry 81% Reduction of 

medication errors

Pharmacist rounding with team 66% Reduction of 

preventable adverse drug 

events

78% Reduction of 

preventable adverse drug 

events

Protocol enforcement 95% Reduction in central 

venous line infectionsb

92% Reduction in central 

venous line infectionsc

Rapid response teams Cardiac arrests decreased 

by 15%

Reconciling medication 90% Reduction in 

practices medication errors

Reconciling and standardizing 60% Reduction in adverse 

medication practices drug events over 12 mo 

(from 7.6 per 1000 doses to 

3.1 per 1000 doses)

64% Reduction in adverse 

drug events in 20 mo (from 

3.8 per 1000 doses to 1.39 per

1000 doses)

Standardized insulin dosing Hypoglycemic episodes 

decreased 63% (from 

2.95% of patients to 

1.1%)

90% Reduction in cardiac 

surgical wound infections 

(from 3.9% of patients to 

0.4%)d

Standardized warfarin dosing Out-of-range international 

normalized ratio decreased 

by 60% (from 25% of tests 

to 10%)

Team training in labor and 50% Reduction in adverse 

delivery outcomes in preterm 

deliverye

Trigger tool and automation Adverse drug events 

reduced 75% between 2001 

and 2003

Ventilator bundle protocol Ventilator-associated 

pneumonias decreased

by 62%a

Table 59.7. (notes)

a J. Whittington, written communication, March 2005.
b P. Pronovost, Johns Hopkins Hospital, written communication,

January 2005.
c R. Shannon, written communication, January 2005.
d K. McKinley, Geisinger Clinic, written communication, April

2005.
e B. Sachs, Beth Israel Deaconess Medical Center, written

communiction. October 2004.

From Ref. 223 (reproduced with permission.)



organizational, personality, and social psychology) as
well as engineering. Research in human factors includes
the discovery and application of knowledge about indi-
vidual and team interactions with technology. An impor-
tant aspect is the use of a system perspective that
considers both the influence of individual as well as group
characteristics and the contribution of organizational
and national cultures.233 With regard to “error culture,” the
aviation industry’s experience has shown that the major-
ity of accidents in technical professions are caused by
human error and this is undoubtedly true for anesthesia-
related fatal accidents in the OR.30,208 These errors tend to
involve interpersonal issues: communication, conflicts,
leadership, and/or flawed decision-making. The aviation
community responded by initiating formal instruction
in the interpersonal aspects of human factors through
programs that are known as “Crew Resource
Management.”234 Interestingly, hazardous industries
such as aviation have succeeded in becoming relatively
safe. Unfortunately, modern health-care technology is
certainly more complex than that of most other indus-
tries, and a busy OR is a perfect model of complexity.
Different types of medical specialties and subspecialties
interact with each other and with an equally large array of

allied health professions with different hierarchies such
as nursing staff and technicians. Separate procedures
during anesthesia on different patients occur simultane-
ously; for instance, induction of anesthesia is done in one
area, while emergence from anesthesia is cared for in
another, with the same personnel involved and responsi-
ble for both. Sadly, the more complex a system, the more
possibilities it has to fail. There is considerable evidence
that team communication and information-sharing is
one of the most important team behaviors for developing
common situation assessment, overcoming “group-
think,” stimulating creative problem-solving, learning
from experiential feedback, encouraging full participa-
tion, and achieving enhanced performance.235–237

Another challenge is medicine’s tenacious commit-
ment to individual professional autonomy. Creating cul-
tures of safety requires major changes in behavior that
professionals easily perceive as threats to their personal
authority.238 Comprehensive anesthesia simulation is
considered to be a useful tool in studying the “chain of
accident evolution”.210,239 Simulation studies involving
residents, faculty, and community anesthesiologists
challenged the ubiquitous perception that “experience”
itself is a guarantee of success in all tasks:240–242 some
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highly experienced personnel failed catastrophically in
managing certain acute events, whereas some juniors
performed exceptionally well.241 Acute care skills simula-
tion can be used to study complex task-solving capabili-
ties in near-fatal anesthetic complications.243

With surgical factors responsible for sizeable numbers of
intraoperative CAs, changes in the climate of surgical edu-
cation have been considered.244 Whereas formerly the OR
was regarded as the best classroom for surgical education,
this point of view has recently been challenged. In the OR,
a teaching session cannot be well designed or predicted;
steps cannot be repeated, and the patient cannot be
reassembled to start over if failure occurs. Furthermore,
the greatest learning and performance potential occurs in
an environment of moderate stress.244 High-end simula-
tion is an ideal tool to create such an environment.
Strategic management simulations accurately assess the
performance of surgical residents,245 and team factors that
determine resuscitation success have been identified.246

For the specific circumstances of perioperative CA, suit-
able case scenarios should be included within simulation-
based education that reflects the different features caused
by GA or RA.

Algorithms

As mentioned above, autonomy in the medical profession
is a very strong attitude favoring working procedures that
depend on personal experiences, circumstances, tempo-
rary mood, or time of the day. What might be a reasonable
approach under controlled conditions, however, may
become hazardous in the face of potentially escalating
complications. This is why SOP have been defined for
management of critical incidents in risk-prone enter-
prises. These SOPs should be clear to every team member
especially for team organization, course of action, priori-
ties, aims of intervention, task distribution, and rescue
strategies, so that the group functions along a well-struc-
tured and predictable pathway. Algorithms have been
established to deliver evidence-based standards of care
for management of otherwise fatal or near-fatal compli-
cations. For SOP to work within stress-burdened and
uncontrolled escalating emergencies, they have to be
integrated far ahead of the emergency and become part of
our professional armamentarium. SOPs should be inte-
grated into formal medical education, and medical staff
should be trained and periodically retrained in SOPs to
guarantee that SOPs become instinctive when needed.
Algorithms for the immediate management of life-threat-
ening conditions have become a cornerstone in the treat-
ment of serious complications and the knowledge and

skills required are, therefore, a mandatory prerequisite for
competent professional performance.

For anesthesiologists, management of difficult airways is
a core competence that is best accomplished by relying on
algorithm-based sequence of action. Benumof described
the advantage of a well-structured approach in expected or
unforeseen difficult circumstances in which the patient’s
lungs could not be ventilated or the trachea could not be
intubated.247 Several recommendations248–250 have estab-
lished practice guidelines for management of the difficult
airway, which is of an overwhelming importance for all
anesthetic care providers. Circumstances in which the
lungs cannot be ventilated and the trachea cannot be intu-
bated continue to occur after the induction of anesthesia
with any induction method, after repeated attempts at tra-
cheal intubation with any intubation method, and after
malplacement of a tracheal tube in patients with anatom-
ical abnormalities of the face and/or neck.55

Algorithms can also be helpful to indicate potentially
dangerous circumstances during the different phases of
anesthesia. Post-induction hypotension triggers substan-
tial episodes of CA. SOP should therefore include close
monitoring of hemodynamic stability following induction
of GA and neuraxial anesthesia, and the decreased blood-
pressure measurement interval during this critical period
will enable an immediate response should hemodynamic
compromise occur.

Unfortunately, established management-guidelines
and algorithms212 do not reflect the peculiar features of
intraoperative CA. The pattern of etiological factors is dif-
ferent, as are the prevailing cardiac rhythms, with brady-
cardia and asystole predominating. Thus, the statement in
the American Heart Association’s guidelines, “although
the algorithms provide a good cookbook, the patient
always requires a thinking cook”,251 accurately describes
the peculiar circumstances of perioperative CA. Two
factors significantly influence diagnosis and treatment of
anesthesia-related CA: first, there is a continuous reduc-
tion of cardiac output that makes it difficult to determine
at which point it becomes significant; second, an arbitrary
decision has to be made about what constitutes a serious
duration of arrest. For example, should a vaso-vagal arrest
of 30 seconds with prompt recovery be counted? When to
react and by which degree of invasiveness? Consequently,
management of CA related to anesthesia tends to be less
aggressive than is recommended in the respective guide-
lines. In their Australian study, Runciman et al. suggest
that chest compression was not performed in 28% of CA
patients.24 On the other hand, the efficacy of early and
aggressive intervention for anesthesia-related CA has
been confirmed clinically and in animal models.39,252
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Checklists

Formal education should also include and support use
of checklists to control material, equipment, ventilator
and monitor settings, identification of drugs, patient iden-
tification, intended procedures, available preoperative
information, and patient’s consent. Most anesthesiolo-
gists theoretically support the importance of checking
anesthetic equipment before use, but do not follow the
guidelines because they perceive checklists as too time-
consuming.253,254 A further disadvantage of routine check-
ing might be that routine measures have an inherent risk
of reducing awareness. Nevertheless, machine checks
detected significant percentages of defaults, of which 11%
to 18% were deemed serious.255,256 Investigators of critical
incidents identified failure to perform an equipment
check as a frequent risk factor.22,208,257–261 Equipment
checks, performed with a checklist and protocol, are asso-
ciated with a decreased risk of perioperative morbidity
and mortality, as well as documentation of the check.5

Using an airline pilot’s checklist to investigate errors and
omissions in anesthesia, a simulation study by Hart and
Owen found that important checks were often forgotten
when memory alone was relied upon and that the use of a
checklist improved performance.262

Critical incidents reporting systems

A critical incident is a human error or equipment failure
that could have led (if not discovered or corrected in time)
or did lead to an undesirable outcome, ranging from
increased length of hospital stay to death.208 The theory of
organizational safety stresses that “safety” is a never-
ending process whose success cannot be measured strictly
by epidemiological methods.263 The willingness and readi-
ness to communicate critical incidents can be another
method to improve safety. Equipment failure is often
reported because it shifts responsibility from the person to
the technical or manufacturer’s side. As the development
of more and more sophisticated electronics in anesthetic
machines and monitoring devices continues to create an
increasingly complex environment, reporting technical
failures becomes even more important. Prompt reporting
of critical incidents of technical failure allows rapid inves-
tigation and implementation of design improvements to
this equipment.264

Physicians and nurses have considerable difficulty in
dealing with human error when it occurs. The culture of
medical practice continues to involve its members in striv-
ing for error-free practice.238 Therefore, medical schools
and clinical institutions have to fight to change attitudes.

Introduction of reporting systems should be accompanied
with serious efforts to maintain anonymity, confidentiality,
and privacy of the participating individuals. Nevertheless,
adverse events have to be collated, analyzed, and regularly
discussed among those responsible for the department or
unit; gradually, consistent reporting activities should result
in improved safety behavior. Without a strong commit-
ment to such tasks from unit or departmental leaders,
most systems will fail.265

Reporting systems can successfully identify specific fea-
tures of CA in association with anesthesia,24 as the diagno-
sis is made earlier and with greater precision compared
with resuscitation situations encountered elsewhere. But,
at the same time, SOPs are used less frequently and to a
lesser degree. If CA is encountered and treatment is initi-
ated, alleviation of specific anesthetic or surgical causes is
often possible and the outcome is generally good, with the
majority of patients leaving the hospital alive and appar-
ently well.

Conclusions

Undergoing anesthesia is intrinsically hazardous for the
patient. Anesthesiologists have struggled for years to deter-
mine the incidence of catastrophic adverse outcomes.30

Anesthetic risk has continued to be the subject of numer-
ous investigations, editorials, and journal correspondence
since the first anesthetic death was reported in 1848.266

Undoubtedly, anesthesia for healthy patients is now much
safer than it once was. But even though patients are increas-
ingly older and enter the OR with serious pre-existing dis-
eases, the perioperative rate of mortality for surgical
patients is still too high. Ascribing CA to preoperative con-
ditions may transfer responsibility from the individual who
provides the anesthesia and shift it towards patient’s
factors, but, whatever the cause, CA and/or death following
surgery remains devastating. CA during anesthesia has
some unique features that are beyond the scope of current
guidelines, and anesthesiologists have to develop and
maintain awareness and competence to handle the situa-
tion. Without constant effort to improve, anesthesiologists
will lose their leadership role in addressing organizational
safety culture in all of health care.30 Nearly 60 years ago,
Macintosh stated that no patient should be harmed by
anesthesia.267 Today, we, as anesthesiologists, should go
beyond this statement and increase our responsibilities
beyond the causative aspects and consider pre-existing
disease, preoperative conditions, and surgical factors. For
the future, our aim should be that fewer and fewer patients
are harmed during or following anesthesia.
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Clinical scenario: A 20-year-old pregnant woman is
admitted to the emergency room having had a cardiac
arrest at home. Cardiac massage and intubation had been
performed at home with the patient in the left lateral posi-
tion. An emergency Cesarean section takes place on the
emergency room trolley in “not particularly aseptic con-
ditions”, and a live infant is born. The mother’s cardiovas-
cular system now responds to resuscitative measures.
Three weeks later, after a stormy period in the intensive
care unit, she is discharged to the ward with a left hemi-
paresis. Eighteen years later she sees her son get a place at
university.

Introduction

Pregnancy places considerable stress on the cardiorespira-
tory system. Despite this, cardiac arrest is uncommon –
Willis and Rees estimated it to occur once in approximately
30000 late deliveries,1 but survival from such an event is
exceptional. The United Kingdom’s Confidential Enquiry
into Maternal and Child Health (CEMACH), formerly
known as the Confidential Enquiry into Maternal Deaths,
reports that most maternal deaths are from acute causes,
with many mothers receiving some form of resuscitation.
Nevertheless, the number of indirect deaths (deaths from
medical conditions exacerbated by pregnancy) is greater
than that of deaths from conditions that arise from preg-
nancy itself. These indirect deaths seem to be increasing as
a result of both social trends and medical progress. The
advance of surgical procedures and medical treatments
has meant that women who previously would not have sur-
vived to adulthood may now reach pregnancy. Those who

have had corrective surgery for congenital cardiac lesions
provide a good example. Causes of cardiac arrest during
pregnancy include those found in the normal population
(arrhythmias, congenital and acquired heart disease, pul-
monary emboli, trauma) and those specific to pregnancy
(amniotic fluid embolism, hemorrhage, and iatrogenic
causes such as magnesium overdose, intravenous bupiva-
caine, syntocinon-induced pulmonary edema) (See Table
60.1). The dramatic cardiovascular and respiratory
changes that occur in pregnancy mandate that several
aspects of resuscitation have to be modified if they are
to have any prospect of success in a very different clinical
situation.

The following recommendations are based on sum-
maries of relevant case reports and knowledge of maternal
physiology. In terms of the strength of evidence, because of
the obvious difficulties in carrying out research into mater-
nal cardiac arrest, they are at best the opinions of respected
authorities, based on clinical evidence, descriptive studies,
or reports of expert committees.

Physiological changes in pregnancy

Cardiovascular system

In normal parturients, plasma volume increases through-
out pregnancy to approximately 150% of prepregnancy
values at 32 weeks’ gestation. About half the increase
occurs by 10 weeks’ gestation and 80% at 20 weeks.
Increased erythropoiesis causes an increase in the red cell
mass in a more linear fashion by about 25%. The discrep-
ancy between these changes in plasma volume and red
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cell mass account for the fall in hemoglobin throughout
pregnancy.1-3

Pulse rate also rises throughout pregnancy, ultimately
reaching 10 to 20 beats per minute higher at term, with
most changes occurring by 8 weeks’ gestation. Stroke
volume has been shown either to increase or decrease,
but usually shows little change.4 The increased oxygen
consumption in pregnancy causes cardiac output to
increase throughout pregnancy, reaching a peak at 32
weeks. It remains at this level only to increase further
during labor.

It was previously believed that cardiac output decreases
in the latter stages of pregnancy. This decrease in cardiac
output, however, is due to aortocaval compression. In ten
maternal volunteers, who had pulmonary artery flow
catheters inserted to measure cardiac output, it was found
that there was a decrease in cardiac output in the supine
position. This fall could be reversed by using the left or
right lateral positions.5 This study showed no difference
between the two positions, but the left tilt is used prefer-
entially, as the inferior vena cava lies on the right side of the
vertebral column. Significant rises in systemic and pul-
monary vascular resistance occurred to maintain arterial
pressure when cardiac output fell with the subject in the
supine position.

The gravid uterus, by virtue of its weight and size, com-
presses not only the inferior vena cava but also the aorta.
This compression is responsible for an additional fall in
cardiac output of 10%–25% when the mother is supine, and
exacerbates the reduction in venous return that already
exists during cardiopulmonary resuscitation. Utero-
placental blood flow is also further compromised by com-
pression of the abdominal aorta by the uterus. Placing the
mother in the left lateral position or displacing the uterus
to the left is essential to minimize aortocaval compression.

Systemic vascular resistance in pregnancy is usually low,
thereby minimizing the rise in blood pressure associated
with the increase in circulating volume. The central venous
and pulmonary capillary wedge pressures seem to remain
at prepregnancy values.

During labor there are further dramatic changes in
cardiac output. Basal cardiac output increases by 13% in
the first stage of labor between contractions and by 34%
during contractions. Each contraction displaces a further
300 ml of blood back into the central circulation.6 Within
24 hours of delivery, all hemodynamic values return to
normal.7

Respiratory system

Appreciable changes in the respiratory system also occur
during pregnancy. Unfortunately, they make the mother
less able to tolerate a cardiac arrest. Pregnant women
hyperventilate to excrete the excess waste products pro-
duced by the feto-placental unit. This hyperventilation
leads to a respiratory alkalosis, which is partly compen-
sated for by a decrease in serum HCO�

3 levels that reduces
the mother’s buffering capacity during circulatory hypo-
perfusion or cardiac arrest.

Functional residual capacity decreases by as much as
25%, because of upward displacement of the diaphragm.8

This is further decreased with the patient in the supine
position and the dependent airway may close during tidal
breathing.9 Normal oxygen consumption in non-pregnant
women is about 3 ml kg�1 min�1, but in pregnancy it
increases by up to 16% due to the metabolic demands of
the feto-placental unit and the enlarging uterus. Both these
factors markedly reduce the tolerance of gravid women to
apnea: they rapidly become hypoxemic.

Generalized vasodilatation occurs in the skin and
mucous membranes during pregnancy.9a Progesterone-
induced engorgement of the mucosal membranes can lead
to nasal stuffiness and epistaxis.10 Pregnancy-induced
hypertension or upper respiratory tract infection may lead
to further edema, exacerbating upper airway problems
that add to the difficulty of securing the airway.
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Table 60.1. Examples of pathology that has caused
cardiac arrest in pregnancy

Causes Ref

Pregnancy-related

Peripartum cardiomyopathy 58, 59

Amniotic fluid embolus 60, 61

Pre-eclampsia/eclampsia 62

Laryngeal edema

Magnesium overdose 63

Anesthetic-related

General anesthesia

Airway problems 22, 64

Local anesthesia

Intravenous drug toxicity 65

Local anesthetics 66, 67

Spinal anesthesia 66, 68 

Fetal injection of potassium 69

Non-pregnant causes

Trauma 70

Pulmonary embolus 71, 72

Air embolus 73

Myocardial sarcoid 74

Aortic dissection 55

Adenocarcinoma 75



Gastrointestinal tract

Progesterone also causes decreased motility of the gas-
trointestinal tract. Moreover, the position of the stomach is
altered by the enlarging uterus, which pushes its long axis
– which is usually parallel to the spine – into a more hori-
zontal position.11 This may hinder gastric emptying and
increase the risk of aspiration. The concern over aspiration
adds to the importance of securing the airway rapidly
during cardiac arrest.

Fetal physiology and outcome

The outcome of resuscitation of the mother determines
fetal outcome. The more rapidly the mother is resuscitated
(which may include immediate delivery), the more likely
the fetus will recover with intact neurological and cardio-
vascular function. Primate research and human case
reports show successful fetal resuscitation if delivery
occurs between 5 and 20 minutes after arrest.12,13

The fetus has several physiological responses to
hypoxia. Shunting and other compensatory mechanisms
are known to occur, which may help the infant tolerate
hypoxia for slightly longer than adults. Peeters et al.
showed in sheep that as PO2 drops, blood is shunted to the
heart, brain, and adrenals.14 Windle found that in rhesus
monkeys brain damage occurred after as little as 6
minutes of asphyxia.15 Clinically there is likely to be addi-
tional time taken to deliver and reoxygenate the neonate.
Despite these tight timetables, there have been at least two
successful resuscitations of a baby after 45 minutes of
unsuccessful resuscitation, both in previously healthy
mothers who suffered traumatic death.16,17 It is possible
that maternal cardiac arrest may occur after a period of
impaired placental perfusion such that fetal adaptive
mechanisms may already have been exhausted. For this
reason, results from animal models of acute cardiac arrest
may not be directly applicable to humans. It is therefore in
the interests of both mother and fetus for delivery to occur
in as short a time as possible, preferably within 5 minutes
of arrest.

Cardiopulmonary resuscitation in pregnancy

Although there is very little research on cardiac arrest in
pregnancy, it is generally accepted that conventional pro-
tocols recommended by the Resuscitation Councils should
be followed, with the modifications listed below. The most
recent guidelines can be found on www.resus.org.uk and
www.americanheart.org.

Basic life support

Airway
A clear airway must be rapidly established with a head tilt-
jaw thrust or head tilt-chin lift maneuvre which must be
maintained. Suction should be used to aspirate vomit.
Badly fitting dentures and other foreign bodies should be
removed and an oral airway inserted. When inserting the
airway it is important to place fingers behind the posterior
ramus of the mandible in order for the airway to sit behind
the tongue. Four-hand ventilation involves using two
hands to provide the jaw thrust and another two hands to
provide the bag squeezing.18 These procedures should be
performed with the patient inclined laterally or supine
with the uterus displaced laterally (see lateral displace-
ment of uterus below).

Breathing
In the presence of apnea, positive pressure ventilation
should be started once the airway is cleared; mouth to
mouth, mouth to nose, or mouth to airway ventilation
should be carried out until a self-inflating bag and mask are
available. Ventilation should then be continued with 100%
oxygen and reservoir bag. Because of the increased risk of
pulmonary aspiration of gastric contents in late pregnancy,
cricoid pressure may protect the airway until it is secured by
a cuffed tracheal tube. In practice, cricoid pressure may be
difficult to apply during the course of resuscitation, partic-
ularly in a patient in the lateral position. In addition, when
applied by personnel not trained in its regular use, cricoid
pressure may cause or worsen airway obstruction and
make tracheal intubation more difficult.

Ventilation of the lungs is made more difficult by
reduced chest compliance caused by rib flaring and splint-
ing of the diaphragm by the abdominal contents. Because
of the increased oxygen requirements of pregnancy,
effective pulmonary ventilation is especially important.
Observing the rise and fall of the chest in pregnant patients
is also more difficult.

Circulation

Circulatory arrest is diagnosed by the absence of a palpa-
ble pulse in a large artery (carotid or femoral). Chest com-
pressions are performed at a rate of 100 per minute in a
ratio of 15 compressions to 2 breaths. Chest compression
is made more difficult by large breasts, obesity, flared
ribs, raised diaphragm, and reduced chest compliance.
Although no current guidelines exist, it is possible that the
hand position for cardiac massage should be moved up the
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sternum as the diaphragm, and hence the heart, are
pushed upwards by the abdominal contents.

The complicating factor of aortocaval compression by
the gravid uterus has already been mentioned. Some
authorities believe that all attempts at resuscitation will be
futile unless the compression is relieved by either placing
the patient in an inclined lateral position, using a wedge, or
by displacing the uterus manually. Raising the patient’s legs
will also improve the venous return. Nevertheless, even
optimal chest compression with adrenaline in the supine
non-pregnant victim produces at best 30% of normal
cardiac output, 30%–50% of cerebral blood flow, and only
5%–20% of coronary blood flow.19 It is not known whether
the output from chest compressions with the pregnant
patient in the lateral position is adequate for maternal or
utero-placental circulation.20 As early Cesarean section is
recommended in such resuscitation situations, open
cardiac compression has been advocated because the
simple equipment required is already at hand.

In cases of pre-eclampsia or acute fatty liver of preg-
nancy, the enlarged liver may be more prone to damage
during chest compression. If the cause of arrest is thought
to be pulmonary embolus, the use of thrombolysis or sur-
gical embolectomy may be life-saving.

According to the 2002 CEMACH report, 34% of mothers
were classified as overweight and 23% as obese, an increase

from 16% in 1993. Obesity is known to increase the risk
of almost every complication of pregnancy and delivery,
and the exaggeration of all the physiological difficulties
described will make resuscitation more difficult.

Lateral displacement of the uterus

Effective forces for chest compression can be generated
with patients inclined at angles of up to 30 degrees, but
pregnant women tend to roll into a full lateral position at
angles greater than this, making chest compression diffi-
cult. Different methods of tilting the mother for cardiac
massage include the Cardiff resuscitation wedge1, the
human wedge, or the upturned chair (see Figs. 60.1–60.3).
These offer a firm base for chest compressions, at an angle
sufficient to displace the uterus. In the human wedge tech-
nique, the patient is tilted on to a rescuer’s knees to provide
a stable position for basic life support, although with an
obese parturient this may be uncomfortable for the
rescuer. Alternatively, a pillow or foam wedge may be
used21 to wedge the patient into the left inclined position.
An assistant should move the uterus further off the inferior
vena cava by lifting it with two hands to the left and towards
the patient’s head. The important principle is to relieve
aortocaval compression while allowing adequate chest
compression to be performed.
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Fig. 60.1. The Cardiff wedge consists of a board with a 30 degree tilt allowing cardiac massage to be

performed with the uterus displaced to prevent aorto-caval compression.



Advanced life support

Intubation
Three deaths cited in the anesthetic section of the most
recent CEMACH report22 were directly associated with the
failure of airway skills – highlighting the importance of the
technique and training of basic airway skills, the use of

four-hand ventilation, the right molar approach (see
below), and ensuring the correct position of the endotra-
cheal tube after intubation.

Tracheal intubation should be carried out as soon as
facilities and skill are available. Difficulty in tracheal intu-
bation is encountered up to 10 times more frequently in
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Fig. 60.2. The human wedge: the rescuer uses their knees in order to tilt the patient.

Fig. 60.3. An upturned chair or pillow can also be used to tilt the patient.



women who are pregnant compared with those who are
not.23 Specialized equipment for advanced airway manage-
ment may be required. A short obese neck and full breasts
due to pregnancy may make it difficult to insert the laryn-
goscope into the mouth. The use of a short-handled laryn-
goscope or one with its blade mounted at more than 90
degrees (polio/adjustable blade) or demounting the blade
from the handle during insertion into the mouth may help.
Use of the right molar approach may improve the laryngeal
view and increase the likelihood of successful intubation –
the laryngoscope is passed down the right molar teeth to
access the epiglottis.24 Furthermore, it is useful to have a
gum elastic bougie at hand to aid intubation.

Mouth-to-mouth or bag and mask ventilation is best
done without pillows under the head so that the head and
neck are fully extended. The position for intubation,
however, requires at least one pillow to flex the neck and
extend the head. Any pillow removed at initial ventilation
must therefore be kept at hand for intubation.

In the event of failure to intubate the trachea or ventilate
the patient’s lungs with a bag and mask, insertion of a
laryngeal mask airway (LMA) should be attempted. Cricoid
pressure must be removed temporarily in order to place
the LMA successfully.25 Once the LMA is in place, cricoid
pressure should be reapplied. In the non-pregnant popu-
lation, ventilation through the laryngeal mask is associated
with a lower incidence of regurgitation than bag and mask
ventilation, suggesting it might have a role as a first-line
airway device26 If the patient has pre-eclampsia, a smaller
cuffed endotracheal tube (6.0 mm) should be used for intu-
bation, as there is the potential for laryngeal edema.

Confirmation of correct tube positioning in the trachea
ideally would include using capnography to measure
end-tidal carbon dioxide levels, but reliance on clinical
methods – seeing the endotracheal tube pass through the
cords – or use of an esophageal detector27 may be neces-
sary, depending on the location of the arrest and available
equipment.

Defibrillation and drugs

Defibrillation and drug administration should follow
advanced life support recommendations. It is difficult
to apply an apical defibrillator paddle with the patient
inclined laterally, and great care must be taken to ensure
the dependent breast does not come into contact with the
hand holding the paddle. It is easiest to avoid this problem
if adhesive electrodes are used, although defibrillation in
an anteroposterior direction is an option. Case reports
indicate that shocks of up to 300J have not led to adverse
effects in the fetus.28 Furthermore, elective cardioversion

suggests that the fetal heart is not compromised by the
external shock applied to the mother’s chest.29

Drug delivery

Ideally, all drugs should be injected via the intravenous
route, preferably by using a central vein. The action of
drugs given into the femoral or saphenous veins may be
delayed in the presence of aortocaval compression. The
administration of drugs by the transtracheal route is prob-
ably ineffective30 because of erratic absorption and unpre-
dictable pharmacokinetics. It is limited to drugs such as
adrenaline (epinephrine), atropine, and lidocaine and
probably requires doses at least 2–3 times more than the
intravenous dose. In the absence of venous access, the
intraosseous route is probably a more reliable method of
injecting drugs, but its use has not been reported in the
resuscitation of pregnant patients.

Intravenous fluids

If the arrest is due to hypovolemia it is appropriate to trans-
fuse intravenous fluids: crystalloid, colloid, or blood may be
given. It is always advisable to give resuscitation drugs into
a fast running intravenous infusion. If a coagulopathy devel-
ops, for example following amniotic fluid embolus, appro-
priate blood products should be used (fresh frozen plasma,
platelets, cryoprecipitate) in consultation with a hematolo-
gist. In a resuscitation involving massive blood loss, all fluids
should be given via a rapid infusor capable of reliably
warming fluids at high flow rates. Such devices should be
available in every labor ward and emergency department.

Drug therapy

Standard drug therapy should be used without modifica-
tion in pregnancy as the primary goal is resuscitation of the
mother.31 Adrenaline should be used, even though vaso-
pressors induce uteroplacental vasoconstriction. Neither
calcium nor bicarbonate is recommended in the current
resuscitation algorithms. Magnesium, recommended for
the treatment of eclampsia, is also often used in the man-
agement of pre-eclampsia, and in overdose can cause
cardiorespiratory arrest. It is therefore important that vol-
umetric infusion pumps be used, with careful monitoring
of plasma concentrations to prevent any inadvertent over-
dose. If cardiopulmonary arrest is thought to be due to a
magnesium overdose, the infusion must be stopped at
once, calcium chloride or gluconate should be adminis-
tered, and immediate delivery should be considered.

The use of sodium bicarbonate to treat maternal acido-
sis is contentious, as its use will lead to fetal hypercarbia
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and acidosis.20 Nonetheless, maternal metabolic acidosis
increases the reactivity of the uteroplacental vasculature to
alpha-adrenergic agents so that it may be useful to admin-
ister bicarbonate post-arrest to correct acidosis if maternal
PO2 and PCO2 are normal.

Local anesthetic toxicity

Bupivacaine is the commonest long-acting local anes-
thetic used in obstetric practice, but can produce profound
cardiovascular depression after intravenous injection.
Bupivacaine rapidly blocks sodium channels by entering
intracellular spaces during systole, but its dissociation
from sodium channels during diastole is slow, leading to an
increase in sodium channel blockade and reduction in
traffic through the conducting system.32 It has been recog-
nized for many years that resuscitation from overdose
may be difficult,33 and this has spurned much animal
research into the most effective method of resuscitation.
Amrinone,34–36 vasopressin,37 insulin and glucose,38 nora-
drenaline, isoprenaline, dopamine,39 magnesium,40 and
lipid emulsion41 have all been tried with varying degrees
of success. Appreciable species differences have been
reported in experimental animals.34,36,42 For this reason and
because of the various study methodologies, extrapolation
of results to humans requires caution. Some reports do,
however, deserve consideration. Adrenaline may worsen
ventricular arrhythmias associated with bupivacaine toxi-
city,36,39,43 whereas amiodarone may have a role as a rela-
tively safe antiarrhythmic44 after the discontinuation of
bretylium, which was considered the drug of choice for
treatment of ventricular arrhythmias.45–47 Lidocaine
should not be used because it lowers the threshold to ven-
tricular tachycardia.45,48 Weinberg and colleagues41 found
that after a 10 ml/kg bolus of 10% lipid emulsion, normal
rhythm was established within 5 minutes, with no electri-
cal countershock, in all of nine experimental dogs even
when the administration of the lipid was delayed for 10
minutes to simulate a more realistic arrest scenario. The
potential human applications of these findings have been
discussed in an editorial (Picard & Meek, 2006). Either the
lipid provides a fat-rich compartment into which the local
anesthetic becomes partitioned, or the inhibition of carni-
tine acylcarnitine translocase by the local anaesthetic is
overwhelmed. An example of Weinberg’s dose regimen for
humans is described. (See below). The use of propofol as a
source of lipid is not recommended, however. Magnesium
is now the treatment of choice for torsades de pointes49 and
should be considered in cases of refractory VF, particularly
as patients in late pregnancy may have hypomagnesemia.
Its usefulness in cardiac arrest may be limited in that the 2 g

loading dose has to be given over 15 minutes. It is con-
traindicated if women have received magnesium for the
treatment of pre-eclampsia or eclampsia.

Despite these concerns over the toxicity of bupiva-
caine, it does have a very good safety record in obstetric
practice, with no reports of maternal death in CEMACH.
Furthermore, with the advent of the newer, less toxic, amide
local anesthetics ropivacaine and levobupivacaine, the risk
of cardiac arrest should be reduced even further.

Weinberg’s dose regimen for use in humans (Weinberg,
2004). In cardiac arrest secondary to local anaesthetic toxi-
city which is unresponsive to standard therapy, intravenous
administration of a lipid such as Intralipid® 20% is recom-
mended in the following regimen:
1. give 1 ml kg.�1 over 1 min;
2. repeat twice more at 3–5 min intervals;
3. then (or sooner if stability restored), convert to an infu-

sion at a rate of 0.25 ml kg�1 per min, continuing until
haemodynamic stability is restored;

4. increasing dose beyond 8 ml kg�1 is unlikely to be
useful;

5. in practice, in resuscitating an adult weighing 70 kg:
� take a 500 ml bag of Intralipid® 20% and a 50 ml

syringe;
� draw up 50 ml and give it stat intravenously, then

draw up and give another 20 ml;
� do exactly the same thing up to twice more as you

give epinephrine – if necessary or appropriate;
� then attach the Intralipid® bag to a giving set and run

it intravenously over the next 15 min.

Cesarean section

In 715 BC, the Roman senate decreed that no woman in
advanced pregnancy should be placed in the sepulchre until
the child was removed from the parent body.50 Cesarean
section was practiced in Egyptian, Persian, Hindu, Finnish,
and North American Indian culture.13,51 Even Shakespeare
refers to the practice in “the Scottish play.”52 Because deliv-
ery of the fetus is essential to improve maternal and fetal
survival, it is advisable to have a simple Cesarean section
pack on the maternity unit cardiac arrest cart. Maternal and
fetal outcome is determined by a number of factors includ-
ing: gestational age of fetus, time from maternal arrest to
delivery, cause of the arrest, and previous maternal health.
Prognosis after cardiac arrest in pregnancy is improved if
Cesarean section can be performed within 5 minutes of
maternal arrest; after 20 minutes the prognosis is poor.13,16,53

Once a decision has been made to perform a perimortem
Cesarean section, cardiopulmonary resuscitation must be
continued throughout and after delivery.
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Performing the perimortem Cesarean section

As discussed above, a perimortem Cesarean section is indi-
cated on a pregnant patient in cardiac arrest who has failed
to respond to initial resuscitation attempts. The procedure
should begin as soon as it is accepted that the mother has
little chance of recovery. Resuscitative measures are con-
tinued during the surgical procedure in order to maximize
uteroplacental perfusion. A few moments are allowed
for sterile abdominal preparation, while the bladder is
catheterized to decompress it.

A surgeon who is an experienced obstetrician may wish to
use a conventional Pfannenstiel incision, but a vertical inci-
sion using a scalpel offers the most rapid access into the
peritoneal cavity and is probably through one of the more
anatomically uncomplicated areas of the abdomen.54,55 The
incision should run from pubis to umbilicus along the linea
nigra, between the usually divaricated recti. Ideally the inci-
sion should be through the fascial and peritoneal layers,
avoiding bowel, bladder, or uterine vessel injury (Fig. 60.4).

Once the peritoneal cavity is entered, the bladder is
retracted caudally, away from the uterus. The uterus is
entered in the lower segment, just above the bladder, and

the vertical incision is extended cranially using scissors.
The other hand is placed inside the uterus to protect the
fetus from the scissors as the incision continues towards
the fundus of the uterus (Figs 60.5 and 60.6). A sufficiently
long incision is the key to a rapid delivery.
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If the placenta lies anteriorly, it must be incised rapidly
to deliver the baby.

After completing the uterine incision, all retractors are
removed in order to avoid injury to the fetus on delivery. If
the fetus is in a vertex position, a hand is inserted between
the fetal head and the pubic symphysis; the head is then
lifted gently out of the incision. Delivery of the head and
shoulders is followed by spontaneous delivery of the body.
If the fetus is in breech or transverse position, a feet-first
delivery is easiest. Traction to the feet is applied in a gentle
progressive manner. In order to minimise damage to the
fetus, pressure on the abdomen or lower back should be
avoided, with the fetal neck kept in flexion to avoid injury
to the cervical spine. Upon delivery of the infant, gentle
suction should be applied to nose and pharynx, and
clamps applied to the umbilical cord and the placenta.

The child should then be resuscitated as necessary.
The open abdomen permits the use of internal cardiac
massage. The inside of the uterus must be palpated to
exclude the possibility of twins and remove the placenta.
After successful delivery, both mother and infant should
be transferred to their appropriate intensive care units as
soon as clinical conditions permit.

Medicolegal considerations

A perimortem lower segment Caesarean section has the
potential for major ethical and consent issues. Operating
without consent may be considered as assault on the
woman. The doctrine of an “emergency exception” to
consent would be applied in most countries, however,
allowing for legally acceptable implied consent when a
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delay in treatment may cause harm or injury.13 In an emer-
gency situation, where consent cannot be obtained, then
doctors may under common law (in some countries),
provide treatment to anyone who needs it, provided the
treatment is limited to what is immediately necessary to
save life or prevent significant deterioration (unless they
are aware of a valid advance refusal).

In reality, in view of the 5-minutes time frame, the
responsible physician will have to act rapidly and deci-
sively to maximize the chance of a successful resuscita-
tion.

Training

Because cardiac arrest in pregnancy is so rare, it is difficult
for groups such as obstetricians and midwives to maintain
their skills. There are a number of resuscitation courses
available. Some, such as MOET used in the UK,56 are specif-
ically designed for staff working on delivery suites.
Nevertheless, regular update sessions and “fire drills” are
essential for the teams to practice their response to life-
threatening emergencies.

Ideally, members of the public and healthcare profes-
sionals in the emergency service should be aware of
the additional problems associated with resuscitation
in late pregnancy, because they may have to act as the
first responders in the crucial first few minutes after
collapse.

Summary

Cardiac arrest in pregnancy is rare, but, if it occurs, requires
decisive and rapid treatment. Modification to normal CPR
protocols include left tilt, early intubation, and early deliv-
ery of the fetus. The key factors for successful resuscitation
are that all midwifery, nursery, and medical staff con-
cerned with obstetrics should be trained in cardiopul-
monary resuscitation.57
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Drowning refers to submersion and immersion. This
chapter focuses on submersion and reviews the epidemiol-
ogy, pathophysiology, and treatment of this mainly respira-
tory problem. Hypothermia-related immersion issues are
described in Chapter 49.1

Epidemiology

Circumstances of drowning vary around the world; from
healthy toddlers to desperate boat refugees, and from
beach to bathtub. According to the WHO report, each year
between 350 000 and 450 000 persons die from drowning.
In addition, in some years, over 500 000 persons have
drowned in floods and tsunamis. Most drowned victims
are children, and the potential years of life lost are
immense. Within this global perspective, 97% of all
drowning occurs in South East Asia, the Pacific, and
Africa. In some areas, the drowning rate is as high as 400
persons per 100 000 inhabitants. The leading cause of
drowning in these areas is multifactorial. Leisure, work,
transport, and collecting water for household purposes
occur in the surroundings of water. Swimming skills are
lacking, as is the knowledge on how to perform rescue,
first aid, or basic life support (BLS). Also, prevention
efforts, rescue resources, or communication equipment
are poor.2–4

In the Western world, a combination of socioeconomic
factors, legislation, multifaceted prevention programs,
improved rescue techniques, and up-to-date medical
systems have resulted in a 10- to 20-fold decrease in
drowning rates during the last 50 years. The death rate is
between 0.1 and 2.5 per 100 000 inhabitants. High risk

groups are children (because of their exploratory behav-
ior), ethnic minorities (because they have poorer swim-
ming skills and are unfamiliar with water hazards), car
occupants (because of blocked escape routes from cars
with maximum active safety protection), and water recre-
ationers (because of inadequate preparation and alcohol
use). Certain countries or areas have specific, and some-
times unique, risk groups: Alaska and Iceland (commercial
fisherman),5,6 Japan (hot tub drowning),7 and Australia and
the southern areas of the USA (private swimming pool
drowning).8,9 Recent data from the Netherlands suggest
another new trend: scoot-mobiles and walker-related
drowning in the elder generation.10 An important cause of
drowning in the Western world is suicide, and in some
countries the incidence of suicidal drowning is three times
larger than that of accidental drowning.11 Homicide has
been suggested to be underreported in pediatric bathtub
drowning.12 For most types of drowning, males have an
approximately 4-fold greater incidence of drowning than
do females, except for suicide.12,13

Prevention remains the most powerful therapeutic inter-
vention and can be effective in more than 85% of drown-
ings. Many predisposing and etiological factors have been
identified that can be influenced by improved understand-
ing and training on prevention.14

Definition of drowning and data collection

During the 2002 World Congress on Drowning, a consensus
was reached on a new definition of drowning: Drowning is
the process of experiencing respiratory impairment from
submersion or immersion in liquid. This definition is
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accepted by the World Health Organization but needs
further classification of causes, morbidity, and mortal-
ity.15,16 Also during this congress, a standard nomenclature
on drowning incidents and a standardized reporting
mechanism for these data were proposed.17

In the definition, two different drowning mechanisms
are included. During submersion the head of the victim
remains under water and the primary problems are
related to hypoxic injuries. During immersion, the head of
the victim initially remains above water and the life-
threatening dangers are related to the immediate or late
consequences of hypothermia. During immersion,
splashes of water in the face can result in aspiration,
hyponia and unconsciousness with submersion as a
result. So both mechanisms can occur simultaneously.

Recognition of a drowned person

A drowning victim usually does not wave or call for help,
but remains with the mouth just above the water level
and with the arms extended laterally, slapping the water.
The victim may submerge and surface several times
during 10 to 60 seconds before final submersion occurs.
Because all efforts are desperately needed to inhale air,
the victim is usually unable to cry out for help.18

Individuals close by may therefore not recognize that a
person is drowning. Children and toddlers typically dis-
appear instantaneously under water without any sign or
call of distress.

Pathophysiology of drowning

In spite of the wide variety of drowning circumstances, the
pathophysiology of drowning has common characteristics.
Some characteristics are distinct from cardiac arrest (for
example, gradual onset of circulatory arrest in drowning vs.
immediate onset in cardiac arrest) or from trauma (for
example: no energy impact in drowning vs. massive energy
impact in trauma). Cardiac arrest due to drowning occurs
as a result of prolonged anoxia, in a time frame between a
few minutes and an hour, or as a result of cold-induced
cardiac arrest in a time frame of hours or even days, and is
the result of the mechanical impairment of the hypother-
mic heart and conduction disorders, typically ventricular
fibrillation. The most important pathophysiological mech-
anisms, hypoxia and hypothermia, may be complicated by
other factors, such as the diving reflex, aspiration, and
trauma.

Submersion

Hypoxia and the circulatory consequences of
submersion

When a victim submerges (disappears under water) the
most likely immediate response to hypoxia is a short
period of tachycardia. As the vagal response of the diving
reflex blunts the tachycardia, the victim becomes progres-
sively bradycardic, which is sometimes associated with
ventricular ectopy.19–21 Hypoxia will lead to hypotension
and a narrow pulse. This may progress to profound cardiac
dysfunction and then cardiac arrest with pulseless electric
activity (PEA) or non-perfusing ventricular fibrillation (VF)
or ventricular tachycardia (VT). The extreme hypoxic–
ischemic insult will ultimately result in asystole.

The circulatory consequences of submersion are in con-
trast to an arrhythmogenic VF cardiac arrest, where the car-
diopulmonary system initially has abundant oxygen. In a
submersion cardiac arrest the cardiopulmonary system has
profound depletion of oxygen which is clinically obvious by
a profound metabolic and respiratory acidosis.22,23

Hypoxia and the neurological consequences of
submersion

The brain is exquisitely sensitive to interrupted delivery of
oxygen and glucose, even if for only a few minutes. Energy
failure causes unregulated neurotransmitter release and
failure of neurotransmitter reuptake. This leads to excito-
toxic stimulation of postsynaptic neurons and breakdown
of transmembrane ionic gradients critical for neuronal
function. Abrupt cessation of energy supply also causes
global shutdown of protein synthesis and failure of pro-
teins to be folded into functional tertiary structures. This
creates a toxic state in the endoplasmic reticulum that
must be reversed before protein synthesis can recover. In
selectively vulnerable structures, this latter process may
not be reversible.24,25

At the same time, hypoxia impairs mitochondrial func-
tion and leads to formation of reactive oxygen and nitrogen
species (ROS-RNS) during the early phase of recirculation.
Oxidative stress stimulates cellular mechanisms designed
to eliminate injured cells by apoptosis and also upregula-
tion of inflammatory mediators. The reaction of ROS-RNS
with cell membranes, DNA, and proteins disrupts func-
tions and stimulates futile efforts to repair molecular
damage, but at the same time consumes large quantities of
energy, thus contributing to further hypoxic damage. The
inflammatory responses activate microglia and recruit

Drowning 1089



neutrophils, which in turn further promote oxidative
stress. Selective neurological vulnerability is demonstrated
in survivors of cardiac arrest. Hippocampal damage may
be prominent, while other parts of the brain are unaf-
fected. As a result, survivors who recover consciousness
still may have sustained permanent impairment of new
memory formation.26 More severe anoxic insults cause
tissue damage in the basal ganglia, cortex, and cerebellum,
resulting in motor deficits or permanent impairment of
consciousness and cognition. Virtually no study of cerebral
pathology has been performed in drowning models.
Hence, our understanding of brain damage resulting from
drowning is extrapolated from the knowledge of other
brain injuries.27

Hypoxia and the double role of hypothermia in
submersion

Water has a heat conductance capacity that is 25 times
greater than air and the body temperature of a person in
water drops five times faster than it does in air. As a result,
depending on water temperature, body temperature can
drop to a lethal level within minutes to hours. This is attrib-
utable to hypothermia-induced cardiac arrest. In some
drowning cases, however, hypothermia can provide a pro-
tective mechanism that allows victims to survive pro-
longed submersion episodes, in exceptional cases longer
than 60 minutes.28 An important underlying mechanism is
reduction of energy consumption by the brain. Reduced
oxygen consumption prolongs the interval until cellular
anoxia and ATP depletion occur. Hypothermia also stabi-
lizes cellular integrity and slows pathologic processes.
Through these mechanisms, hypothermic cells can retain
viability until circulation is restored. There is less acidosis
and neurotransmitter release, mitochondrial functions are
less impaired, and there are fewer signs of oxidative stress
and disrupted protein synthesis. These factors are in con-
trast to non-hypothermic cardiac arrest where deranged
brain metabolism has its onset within seconds of inter-
rupted circulation. Hypothermia reduces the electrical and
metabolic activity of the brain in a temperature-dependent
fashion. The rate of cerebral oxygen consumption is
reduced by approximately 5% per oC reduction in temper-
ature within the range of 37–20 oC.29–33 Thus, reduction of
brain temperature by 10 oC reduces the rate of ATP con-
sumption by approximately 50%, doubling the duration of
time the brain can survive absence of blood flow. Colder
temperatures provide even more profound preservation of
energy stores, such that reduction of temperature to 16–18
oC can allow intervals of no-flow of more than 60 minutes
in humans.22

The conditions that permit miraculous outcomes with
cerebral preservation are summarized in Table 61.1.
Hypothermia, if present, may prolong the window of
opportunity for successful resuscitation, allowing victims
of a cardiac arrest secondary to submersion in cold water
potentially to have a much better outcome than would
otherwise be expected.34

The diving reflex and submersion

Some experts on drowning speculate that the diving reflex
provides a protective mechanism against drowning patho-
physiology. The diving reflex is a well-known reflex in
aquatic mammals, such as whales and dolphins, and
occurs when the animal submerges under water.19,21 The
diving reflex has also been studied in humans during diving
into very deep water,20 in studies on the diabetes-related
autonomic dysfunction of the sympathetic and parasym-
pathetic nervous systems, and in other diseases.35,36

Selective vasoconstriction is the mechanism of protec-
tion in the diving reflex. When the head, and specifically
the sensory distribution of the trigeminal nerve, is in
sudden contact with water, blood flow is preferentially
directed to the heart and brain, the organs most vulnerable
to hypoxia. Cold water enhances the occurrence of the
reflex. Because oxygen consumption in these two organs is
less than total body oxygen consumption, oxygenation of
the brain and heart is better sustained. The reduced total
body oxygen consumption delays the time interval until a
hypoxia-induced cardiac arrest occurs. It is hypothesized
that the diving reflex buys time until the organ-protective
effects of hypothermia come into action. Bradycardia is the
clinically observed consequence of the diving reflex, with a
heart rate often below 40 beats per minute.20,21

Aspiration and submersion

A still less understood pathophysiological factor in
submersion is aspiration. Although drowning victims, by
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Table 61.1. Circumstances that facilitate hypothermia
and allow the protective effects of low body temperature
to become effective

Water colder than 5ºC

Young age 

No insulating clothing or body fat

Aspiration of large quantities of water

No survival struggle

Immersion followed by submersion



definition, have signs of respiratory impairment, not all
drowning victims have signs of aspiration, and respiratory
impairments often resolve spontaneously. Signs of aspira-
tion are found in 80–90% of the autopsies of fatal submer-
sion incidents.37 The percentage of patients who are
admitted with signs of aspiration varies among countries
and health systems. Clinical signs of aspiration occur only
in 10%–20% of submerged victims admitted to hospitals in
The Netherlands,38,39 while this is almost 100% in hospitals
in Brazil.40

In many drowning victims, laryngospasm occurs instan-
taneously when inhaled water contacts the vocal cords and
this laryngospasm will temporarily prevent aspiration.
Many victims will be saved before laryngospasm has
ceased. In other victims the dying process will have
advanced to a stage where efforts to breathe occur after
laryngospasm has ceased. For this reason, but possibly also
due to other yet unknown factors, massive aspiration is
seldom present and most drowned victims will have aspi-
rated limited amounts of water.

Small amounts of aspirated water may have serious clin-
ical consequences. Water in the alveoli causes wash-out of
surfactant (mostly in fresh water) or destruction of surfac-
tant (mostly in salt water), or both. Differences in osmotic
gradients can pull water from the lungs to the circulation
with fresh-water drowning. In contrast, more water can be
drawn into the lungs from the circulation with salt-water
drowning. In either situation, the effect of the osmotic gra-
dient on the very delicate alveolar-capillary membrane can
disrupt the integrity of the membrane, increase its perme-
ability and exacerbate fluid, plasma, and electrolyte
shifts.41,47

The clinical picture of the damage caused to the alveo-
lar–capillary membrane is a massive, often red stained,
pulmonary edema. The combined effects of fluids in the
lungs, loss of surfactant, and increased capillary–alveolar
permeability can result in decreased lung compliance,
increased right-to-left shunting in the lungs (up to 80%),
atelectasis, and bronchospasm. Although the clinical
picture resembles the classical adult respiratory distress
syndrome (ARDS), the underlying mechanism in drowning
is due to local damage rather than systemic inflammatory
reactions. This is probably the main reason why ARDS after
drowning resolves within 48 hours, unless an underlying
pulmonary infection, chemically induced pneumonia, or
massive aspiration of gastric contents is present.38

Electrolyte disorders during submersion

In the 1970s, electrolyte disorders were considered to be the
most relevant pathophysiological threat in drowning.42–44

It has now been confirmed that electrolyte disorders play a
minor role in the initial cardiovascular events after sub-
mersion. These disorders, if they occur at all, can be cor-
rected by common regulatory mechanisms when the victim
reaches a hospital. The salinity of the water in which the
victim has been submerged generally has limited impact on
the pathophysiology and outcome, except in extreme con-
ditions such as drowning in the Dead Sea or drowning in
unusual industrial environments.45–47 No evidence exists
for any therapeutic benefit of administration of hypertonic
solutions after fresh water submersion or hypotonic solu-
tions after salt-water submersion.48

Treatment

Very few emergency medical system (EMS) personnel and
clinicians have had sufficient clinical experience with the
treatment of drowned victims. Those who have this experi-
ence often have a specific geographically determined focus
on the treatment of these victims, such as drowning on the
beaches of Rio de Janeiro (most of which are in warm
water) or drowning in the cold North Sea (most of which
are in cold water). Since the body’s response to drowning is
related to the environment in which drowning occurs,
local circumstances should be taken into consideration in
deciding treatment strategies and protocols.49

Rescue and in-water basic life support

Rescue and in-water BLS is a typical link in the manage-
ment of drowning victims (Fig. 61.1). All persons who
attempt a rescue from the water should be aware of the
risks of the sometimes hostile environment.50

Rescuers should avoid becoming second victims by
advising the victim on how to get out of the dangerous sit-
uation, by reassuring that assistance is coming, or by using
a “throw or reach rescue technique.” When entering water
is unavoidable, this should be done cautiously. The victim
should be transported to shore immediately without
further treatment, and removed from the water, when pos-
sible with the head above body level to avoid vomiting and
aspiration. The victim should then be placed parallel to the
waterline, and, when the accident occurs on a seashore, far
enough from incoming waves.

Trained rescuers have learned how to avoid unnecessary
risks, to calm the victim, to reach out in a safe way, and
to bring the victim to land.50,51 In some countries res-
cuers have learned in-water ventilation (Perkins, 2005).
Although this may seem futile, in-water ventilation applied
by two or three professional lifesavers in Rio de Janeiro
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(Brazil) can increase survival sevenfold.52 In most other sit-
uations, ventilation is initiated after the victim is removed
from the water, when the physical support of ground, boat,
or surfboard is available. Even for trained rescuers a pulse
check in water is unreliable and thoracic compressions in
water are impossible.50

There has been some concern about cervical spine
injuries, especially from high energy impact, such as
occurs with kite-surfers, water skiers, and occupants of
motorized water craft.54,55 Yet in several large studies of
water-related episodes, the incidence of cervical spine
injuries among submersion victims is less than 0.5%.11,51

The possibility of a spinal injury causes conflicting priori-
ties with respect to whether resuscitation or spinal stabi-
lization should take precedence. If there are no signs of
cervical spinal injury (history of trauma or a bruised fore-
head), no time should be spent to immobilize the cervical
spine. BLS measures always have priority above spine sta-
bilization. Indeed, if the victim is not breathing sponta-
neously, resuscitation should start without any special
attention to the cervical spine. When spinal cord injury is
suspected, however, rescuers should float the victim hori-
zontally supine with an open airway well out of the water.
If there is spontaneous breathing, the hands of the rescuers
can stabilize the neck in a neutral position. If immediately
available, a floating back support device can be used to
facilitate alignment of the victim’s head, neck, chest, and
body before moving the victim.53

Basic life support (BLS) on land

Cardiopulmonary or respiratory arrest occurs only in 0.5%
of all rescued victims, but most drowning victims have
some level, albeit temporary, of respiratory, circulatory, or
neurological impairment (Szpilman 1997). Immediate
bystander BLS on land is crucial in all these situations, but
is most important in victims of cardiac arrest. Chance of

survival dramatically decreases if BLS is delayed.56 For this
reason, policemen, firefighters, and EMS personnel should
know how to perform a water rescue, and those who work
or live close to water should know how to perform BLS on
a drowning victim.57

The first BLS action for an unconscious drowning victim
on land is to open the obstructed airway and to place the
victim in a recovery position. When the victim is not breath-
ing, mouth-to-mouth ventilation should be started. This
can be strenuous because of increased airway resistance,
loss of surfactant, and hypothermia-induced tissue rigidity.

After 2 minutes of mouth-to-mouth ventilation, the
presence of circulation should be assessed to determine if
thoracic compressions should be performed. A pulse
check in drowning victims is likely to be unreliable.
Vasoconstriction and bradycardia are often present,
caused by hypoxia, hypothermia, and the diving reflex, but
if there are no signs of circulation, thoracic compressions
should be started.

Ventricular fibrillation is rare in drowning patients. The
automated external defibrillator (AED) therefore has a
limited role in BLS after drowning58 (www.ilsf.org: position
statement). Limiting BLS to thoracic compressions only, as
recommended as a good alternative in primarily cardiac
arrest, is counterproductive in drowning because the lethal
component is hypoxia. Thus, ventilation of the lungs must
be restored first.

Prevention of aspiration of vomitus is important.
Vomiting occurs in 50% of initially symptom-free victims,
in more than 65% of victims who need ventilation, and 85%
of victims who need BLS.8,51 Vomitus in the mouth must be
removed. A check for seaweed, sand, or mud in the airway
is only performed in rare situations, when effective venti-
lation cannot be achieved.

Active drainage of the lungs by placing the victim head
down, by firmly compressing the thorax, or by abdominal
thrust is not recommended, because this increases the risk
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Fig. 61.1. Basic life support (BLS) is a typical link in the management of drowning victims.



of vomiting more than fivefold and leads to 19% increase in
mortality (www.ilsf.org: position statement).

Advanced Life Support (ALS) on land

The skills and qualifications to provide ALS by EMS
providers differ among countries and even within coun-
ties.1,56 The preferred situation is that all ALS measures be
provided by the EMS system, but if the EMS is unable to do
so, BLS should be continued while the victim is trans-
ported as soon as possible to a hospital. When on shore,
both the victim and the rescuer should always receive
medical attention from the EMS team.

The immediate treatment of the respiratory conse-
quences is essential. Also, when circulation is intact,
oxygen is the first-line therapy. Initially, oxygen can be
administered by a non-rebreathing mask at 15 liters per
minute. Minor cases may require only a nasal cannula with
5 liters of oxygen per minute. With respiratory arrest, artifi-
cial bag-mask ventilation is initially performed with 15
liters of oxygen and an estimated tidal volume of 5–8 ml per
kg of body weight. If the respiratory situation does not
improve, an endotracheal tube should be inserted imme-
diately. Suctioning through the endotracheal tube to
enable visualization of the vocal cords when intubating
may be necessary when copious pulmonary edema foam
drains from the trachea. Once the victim is intubated, oxy-
genation and ventilation with positive end expiratory pres-
sure (PEEP) can be started. The initial PEEP-level at 5 cm
H2O is increased when hemoglobin oxygen saturation, as
measured by pulse oximetry, is below 92%. The initial
oxygen inspiration fraction (FiO2) is 1 but can be reduced to
0.45 or less when hemoglobin oxygen saturation is above
92%. The quality of the signal of the pulse oximeter in the
cold, and thus vasoconstricted, patient should always
receive extra attention when interpreting the results, as in
this situation readings may be inaccurate.59,60

In many life-threatening postrescue situations, the initial
rhythm is an extreme bradycardia or PEA. If improvement
of oxygenation has not resulted in improved circulation,
cardiotonic drugs are started. Because of the cold-induced
vasoconstriction and the non-cardiogenic pulmonary
edema fluid in the airways, both the peripheral and endo-
tracheal administration of drugs are unreliable. A central
venous approach via the external or internal jugular vein is
the preferred route.18

In a cardiorespiratory arrest situation, cardiac com-
pression should be started as soon as oxygenation and
ventilation are secured. High-dose epinephrine can be
considered in drowning if 1-mg doses fail, because the
pathophysiological mechanisms are different, the cardiac

arrest is secondary to hypoxia, the pharmocodynamic
effects of hypothermia require a higher initial dose to be
effective, and the time elapsed to cardiac arrest can be very
long. Many victims have initially marginal cardiac func-
tion. If circulation and a regular cardiac rhythm with a
mean arterial pressure (MAP) below 90 mmHg is present
after rescue, and circulation measures do not improve with
oxygenation and lifting of the legs, rapid crystalloid infu-
sion is indicated.18,61

Drowning severity and treatment decision scheme

One of the most difficult medical decisions for those who
provide BLS or ALS at the rescue site is how to treat victims
with less life-threatening conditions appropriately. In
these situations, a treatment decision scheme can be used
(Table 61.2). The scheme is validated for 41 279 rescues,
including 1831 drownings.40

Treatment in the emergency department

In situations where the EMS system has established all ALS
measures, treatment in the emergency department (ED)
focuses on:

– acquisition of information
� circumstances of the drowning incident
� previous illnesses of the victim
� quality of rescue, BLS and ALS

– further optimization of ALS measures and diagnosis
– decision-making

� continue or stop resuscitation efforts
� admit to an ICU
� observation in the ED
� discharge

When the EMS system is not able to provide some, or all,
ALS measures in the prehospital situation, all remaining
ALS measures must be established first.

Additional ALS measures may also be needed in the ED,
for example when the clinical condition of the patient
worsens after an initially mild clinical course. Notably, in
these patients a very aggressive therapeutic approach is
needed in order to stay ahead of a rapidly evolving life-
threatening complication.

Acquisition of information in the ED

Relevant information includes details on the location,
cause, and circumstances of the accident, water and air
temperature, water salinity and contamination (bacteria,
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chemical), wave conditions, submersion time, timing and
quality of rescue, BLS and ALS.

Causes of the submersion incident should be sought
and may include accidents,54 epilepsy,62 acute myocardial
infarction, stroke, alcohol use, drug use, and psychiatric
conditions.39 History of the victim, but also of family
members, may reveal the possibilty of a prolonged QT syn-
drome.63–65 Focal neurological signs suggest stroke or
trauma. A significant number of submersion victims are
foreign to the area and language difficulties may cause
problems in acquiring this information.66

Further optimizing ALS measures and diagnosis in
the ED

The position of an endotracheal tube inserted out-of-hos-
pital should always be checked immediately on admission
to the ED, because the wet surface of the skin, transport on
rough ground, and high inflation pressures increase the
risk of tube dislocation. Airway obstruction due to foreign
bodies is rare, but fiberoptic bronchoscopy should always
be considered. Bronchoscopy allows therapeutic clearing
of sand, gravel, and other solids, which can lead to atelec-
tasis of large lung areas. The extent of airway injury can be
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Table 61.2. Drowning treatment decision scheme at the rescue site

Treatment on land (basic and Mortality on Mortality in

Grade Signs and symptoms advanced life support) site (%) hospital (%)

Rescue Conscious, normal Evaluation and release from the 0 0

auscultation, no coughing, accident site without further

foam or difficulty in breathing medical care

1 Normal pulmonary Rest, warm and calm the victim. 0 0

auscultation, coughing, no No further medical care

foam in mouth or nose

2 Rales in some pulmonary 5 liters oxygen per minute by nasal 0.6 4.0

fields, small amount of cannula; warm and calm the victim;

foam in mouth or nose recovery position, hospitalization

3 Large amount of foam in 15 liters oxygen per minute by 5.2 11.5

mouth or nose, normotension, non-rebreathing mask, intubation

palpable radial pulse when possible; recovery position

if unconscious; hospitalization.

4 Large amount of foam in Grade 3 treatment extended by 19.4 19.4

mouth or nose, hypotension, crystalloid infusion via peripheral

no radial pulse but palpable vein until restoration of systolic

carotid pulse arterial pressure�90 mmHg; 

hospitalization

5 Isolated respiratory arrest Mouth-to-mouth (when possible 44.0 33.3

with 15 liters of oxygen) until

restoration of normal breathing,

then treat as grade 4.

6 No cardiac activity on ECG, Start CPR; insert tracheal tube, 93.0 43.5

cardiopulmonary arrest obtain venous access, give

epinephrine; 

defibrillate if necessary.

After succesful CPR: follow grade 4.

Dead body Submersion time over 1 Do not start BLS or ALS; 100 100

hour and no cardiac arrange morgue.

activity on ECG

monitoring; or obvious

rigor mortis, putrefaction

or dependent lividity

Adapted from ref. 40.



determined and cultures obtained to define bacterial
infection.

Each drowned patient needs a thorough respiratory
check-up. Inspiratory crackles indicate the presence of
ARDS or atelectasis as a result of aspiration.67 Arterial
blood gas analysis, with and without oxygen, and a chest
radiograph will further confirm the presence of pulmonary
problems and provide baseline information. When an
endotracheal tube is in place, a nasogastric tube should
also be placed. The reduction of gastric distention, result-
ing from insufflation during BLS, facilitates ventilation and
prevents further aspiration.

The respiratory condition of a submersion victim often
improves during the first 6 hours. In some patients,
however, the condition can seriously deteroriate and con-
tinous pulse oximetry as well as regular arterial blood gas
analysis and monitoring of respiratory rate and respiratory
efforts are needed to identify this category. An altered chest
radiograph on admission should not be interpreted as
pneumonia, as this is usually the result of pulmonary
edema and aspirated water in the alveoli and bronchi.
Young victims are often able to compensate for respiratory
insufficiency with extra respiratory effort during pro-
longed periods. These patients are likely to seriously
decompensate and it is advised not to wait until the
moment of exhaustion to perform endotracheal intuba-
tion. In some patients, continuous positive airway pres-
sure (CPAP) or other non-invasive respiratory therapies
may be beneficial, provided that this is not contraindicated
for the patient and this technique does not cause panic or
gastric distension.68–70

Ventilation in drowning patients with ARDS can be
extremely difficult because of massive pulmonary edema,
decreased pulmonary compliance, and bronchospasm.
High levels of PEEP improve oxygenation after drowning,
but may impair hemodynamics. PEEP may be increased
by 2 to 3 cm H2O increments until arterial blood gases
show an intrapulmonary shunt (QS:QT) of 20% or less, or
until a PaO2:FiO2 ratio of 250 or more is achieved. Optimal
PEEP can also be titrated by determining the lower inflec-
tion point of the compliance curve of the respiratory
system, or by PEEP trials between 5 and 15 cm H2O
PEEP.71–73 Once the desired oxygenation is achieved, that
given level of PEEP should ideally be maintained
unchanged for 48 hours before attempting to decrease the
PEEP level. This period is needed for adequate surfactant
regeneration. Unlike ARDS of a systemic cause, arterial
oxygenation often improves dramatically when local lung
damage has recovered and PEEP can be progressively
decreased. Once weaning from the ventilator com-
mences, it is almost always successful within 48–72 hours

and some 75% of the patients with ARDS after drowning
survive.38

The Brain Resuscitation Task Force at the World
Congress on Drowning 2002 concluded that maintenance
of normocapnia is recommended during the ICU period
for the best chance of neurological recovery.27 Because
both hypocapnia and permissive hypercapnia have
unwanted circulatory and neurological effects,74 the usual
strategy for lung protection by permitting hypercapnia
should be avoided.75

Low cardiac output is common after severe drowning
and is the result of the hypoxic insult, arrhythmias, relative
or absolute hypovolemia, and hypothermia.48 Often, the
circulation state improves with better oxygenation, 2–3
liters of crystalloid fluid, and rewarming. Monitoring of
urine output and clinical assessment of the peripheral cir-
culation in the extremities provides relevant information
on the quality of circulation. Poor response to the therapy
requires additional information (e.g., by central venous
pressure measurements, echocardiography, or trans-
esophageal echocardiography) for further assessment of
cardiac function. Depending on this information, further
volume loading with colloids, inotropic support, or use of
vasopressors may be indicated. Titration of adrenaline or
dobutamine administered through a central venous
catheter to a MAP of 90–100 mmHg is reasonable. The
sometimes paradoxical hemodynamic effects of these
drugs in a hypothermic patient should always be taken
into consideration.76–78 Traumatic blood loss should
always be excluded in hemodynamically unstable
patients.79 The pulmonary edema seen in drowning
patients is most likely of non-cardiogenic origin and thus
furosemide is rarely indicated. The use of prophylactic
antiarrhythmics, even after ventricular fibrillation, is
controversial. Treatment of arrhythmias that have nega-
tive effects on circulation is appropriate. Before starting
with antiarrhythmic drugs, oxygenation, circulation,
sedation, and pain treatment should be adequate and
electrolyte abnormalities (especially K� and Mg2�) should
be corrected.

The majority of the submerged victims in the ED have a
metabolic and respiratory acidosis.18,22,80–82 This should be
corrected with adequate ventilation and circulation. The
use of bicarbonate is only indicated when the pH remains
below 7.1, or the bicarbonate level remains below 12
mEq/l, despite improved circulation and ventilation.

Extremes of temperature may occur. Hypothermia is
often present and can contribute to a reversible loss of con-
sciousness. Hypothermia may have some potential benefit
for organ preservation. Attempts at rewarming should be
tempered by the potential neurological benefits associated
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with induced hypothermia after cardiac arrest.27,83,84

Hypothermia also adds complex management issues with
regard to the appropriate timing, speed, and techniques
for rewarming. In the case of a hypothermic cardiac arrest,
resuscitation should be continued until the temperature
reaches 33 C, because below this temperature many drugs,
as well as defibrillation, are less effective. Above 33 C the
cardiac physiology returns to normal.

The several methods of rewarming are included in
Chapter 49.

On the other hand, hyperthermia may also occur as an
overshooting reaction on rewarming or as a systemic
response to pulmonary or systemic damage. Hyperthermia
should be prevented or aggressively treated as the increased
temperature severely enhances neurological damage.27

Important other investigations in the ED include mea-
surement of electrolytes, blood urea nitrogen, creatinine,
and hemoglobin. Free hemoglobin measures hint at aspira-
tion of fresh water.85 Additional investigations should be
guided by the presentation and likelihood of abnormalities.

If cervical spine injuries are suspected, appropriate radi-
ological procedures should be undertaken to guide further
management.86 High-speed impact injuries should be
treated as if caused by trauma and films of cervical spine
and pelvis are needed. Focal neurological signs suggest a
need for a head computerized tomogram (CT).

Decision where to go after the ED

Hospitalization can be avoided in drowning victims who
have a normal pulmonary examination, a normal chest
radiograph, normal room air oxygen saturation after 6–8
hours of observation, and who have no significant comor-
bid disease.38,40,87 Prediction of the likelihood of successful
resuscitation is very difficult and survivors have been
reported after particularly severe physiological condi-
tions. In hypothermic pediatric patients, prognosis is even
more difficult.1,22,23,82,88,8,9 In general, a submersion period
of 10 minutes is associated with good survival when
rescue, BLS, and ALS are performed adequately and no
other factors interfere (such as previous illnesses or
trauma). Often the submersion duration is unknown.
Most normothermic adult and pediatric patients are neu-
rologically intact if restoration of spontaneous circulation
occurs within 25 minutes of the initiation of ALS tech-
niques or within 1 hour of the initiating submersion
event.39,90,91

Given reports of asystolic drowning victims who were
eventually resuscitated after several hours of ALS, it is
appropriate to continue cardiopulmonary resuscitation
efforts until adequate rewarming has occurred. The

decision to proceed with time, material, and manpower
measures that are so time-consuming must be based on
clinical experience, availability of resources, and the
patient’s premorbid state. Information on a slow speed
and low quality of rescue, the delayed start of bystander
resuscitation, injuries, co-morbidities, and complications
is relevant to the decision to discontinue resuscitation.
In deep hypothermic cardiac arrest, cardiopulmonary
bypass (CPB) is the most effective therapy to improve
circulatory, ventilatory, and biochemical indices.92

The transfer of a hypothermic cardiac arrest child to a
center with CPB facilities has been life-saving on several
occasions.

Complications in the ICU

In the Intensive Care Unit (ICU), the treatment that started
in the prehospital setting and ED must be continued. Most
complications that occur in the ICU are common for inten-
sive care patients, but some additional considerations are
needed.

Respiratory complications at the ICU

Usually, the water from pools and beaches have too few
bacterial colonies to result in pneumonia just after the
incident. If the victim needs mechanical respiratory assis-
tance, the incidence of secondary pneumonia increases to
52% on the third or fourth day of hospitalization, a time
when pulmonary edema caused by drowning has usually
resolved.38 As a general rule, prophylactic antibiotics
should be avoided in the ICU as they tend to select out
resistant organisms. This should be limited to scenarios
where obviously contaminated water has been involved.
The choice of antibiotic agents is complex, but beta-lactam
agents (e.g., penicillins or cephalosporins) are reasonable
first-line agents for prophylaxis.

In all cases, daily monitoring of tracheal aspirates with
Gram stain, culture, and sensitivity is recommended. A
large variety of common and uncommon endogenous and
exogenous micro-organisms can be detected. The first
signs of pulmonary infection usually occur after the first 48
to 72 hours: prolonged fever, sustained leukocytosis, per-
sistent or new pulmonary infiltrates, and presence of
leukocytes in the tracheal aspirate. Antibiotic therapy is
selected on the basis of the predominant organism in cul-
tures in the ICU and their sensitivities. Some pulmonary
infections are very severe. Irreversible multiple organ
failure and other septic complications have been reported
in the first 24 hours after successful resuscitation.
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Artificial exogenous or endogenous surfactant has been
used successfully in these very serious ARDS cases as
rescue treatment, although insufficient data exist about
the appropriate delivery techniques, quantities, and
timing of administration.93,94 Also extracorporeal mem-
brane oxygenation95,96 and the use of the prone position
have been reported to be successful.97 Treatment of pul-
monary edema with corticosteroids has no benefit,98

although corticosteroids may be useful together with
bronchodilators to treat bronchospasm.

Apart from ventilation-related infections, the intensivist
must be constantly vigilant for volutrauma and baro-
trauma. Spontaneous pneumothoraces, secondary to pos-
itive pressure ventilation, and local areas of hyperinflation
occur in some 10% of ventilated drowning patients admit-
ted to the ICU. Sudden hemodynamic instability during
the first hour of mechanical ventilation should be consid-
ered to be due to volume depletion, after which a tension
pneumothorax (or other barotrauma) should be excluded
as a cause.

Circulatory complications

Hypotension may initially be attributed to a period of
severe hypoxia, hypovolemia, or hypothermia. When hypo-
tension persists after adequate treatment, pre-drowning
myocardial disease, hypoxic myocardial dysfunction, or a
profound inflammatory response (that develops over the
subsequent hours) should be considered. Information
from echocardiography and a pulmonary artery catheter
about preload and contractility may be required to facilitate
diagnosis and optimal management. A protocol with
routine use of central venous catheter and SVO2 in the early
resuscitative phase of patients with sepsis appeared to
improve outcome,99 but the use of invasive monitoring
(including a pulmonary artery catheter) still remains con-
troversial.100,101 The role of these or newer methods of mon-
itoring the circulation, such as PICCCO® , has yet to be
studied in drowning.

Neurological complications

Among survivors of a drowning accident, success will be
measured in terms of the quality of neurologic recovery.102

Despite this, there is little information derived from
either patients or from animal models that specifically
addresses appropriate cerebral resuscitation. This is most
likely attributable to the sporadic presentation of drown-
ing victims to any one center and the considerable vari-
ability of severity of insult with respect to duration of
circulatory arrest, body temperature, and efforts by first

responders to provide BLS. Thus, current practice to treat
neurological complications is largely extrapolated from
the study of anoxic encephalopathy, traumatic brain
injury, and stroke.

Restoration of oxygenated blood flow to the brain is the
highest priority in drowning victims to restore lack of
oxygen, the principal cause of cellular demise in the brain.
Immediate cardiopulmonary resuscitation remains the
most effective response to drowning.

When circulation and ventilation are established, addi-
tional therapies are of limited benefit. Tissue plasminogen
activator (t-PA) has been effective for treating some forms
of ischemic brain injury. t-PA serves to lyse clots in stroke
victims however, and thus has little or no role in drowning
patients. Although the anachronistic practice of treating
brain injury patients with steroids persists in some envi-
ronments, both experimental and human evidence indi-
cates that steroids are most likely to increase mortality and
worsen neurological outcome, either by promoting hyper-
glycemia or increasing the frequency of systemic compli-
cations.103 Thus, pharmacological therapy for drowning
victims is currently limited to management of seizures,
which, at least in cardiac arrest are a common complica-
tion of anoxic encephalopathy.

Physiologic factors can play a major role in achieving an
optimal neurological outcome from acute brain injury.
Although none of these factors has been studied specifi-
cally in human or experimental drowning scenarios, suffi-
cient evidence is available from study of other forms of
acute brain injury to suggest recommendations for the
management of temperature, blood glucose concentra-
tion, and blood gas characteristics.

Of these, temperature management seems most promis-
ing. In most animal models, brain temperature causes pro-
found effects on the extent of ischemic brain injury. Mild
hypothermia (32–34 oC) is highly protective, even if started
after circulation has been restored, but postresuscitation-
induced hypothermia must be sustained for intervals of
12–24 hours to provide persistent benefit. With use of this
strategy, benefit from induced mild hypothermia in
comatose survivors of out-of-hospital ventricular fibrilla-
tion cardiac arrest has been demonstrated.78,104,105

In many drowning victims, resuscitation is started in a
mild or severe hypothermic patient. Therefore, the Brain
Resuscitation Task Force assembled at the World Congress
of Drowning 2002 recommended that hypothermic drown-
ing victims who remain comatose after restoration of
spontaneous circulation be maintained at 32 oC –34 oC or
be treated with deliberate mild hypothermia initiated as
soon as possible,27 and sustained for 12–24 hours. Patients
treated with mild hypothermia should be endotracheally
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intubated, mechanically ventilated, with shivering pre-
vented. Hypnotics, analgesics, and neuromuscular
blockade may be used as required to maintain hypother-
mia. Electroencephalographic monitoring should be con-
sidered to detect seizures. At completion of induced
hypothermia, passive rewarming is recommended at a rate
no greater than 0.5–1.0 oC per hour.

Hyperthermia is a common sequel to acute brain injury
in humans, with the incidence in cardiac arrest survivors
approaching 70%106 is also common in drowning victims in
the ICU. Hyperthermia has been shown repeatedly pro-
foundly to exacerbate brain injury in experimental
animals, even when onset of hyperthermia occurs many
hours after the primary insult.107 It is therefore recom-
mended that hyperthermia in drowning survivors be
treated aggressively.

Hyperglycemia exacerbates most forms of experimental
brain injury. This has been attributed to enhanced anaero-
bic glycolysis resulting in intracellular acidosis and
increased corticosterone concentration.105,108 Although
hyperglycemia is most damaging when present during the
insult, there is accumulating evidence that ongoing strict
regulation of blood glucose reduces mortality and compli-
cations.109–111 Based on this evidence, blood glucose con-
centration in the drowning patient with a neurologic
deficit should be monitored frequently and it appears rea-
sonable to aim for normoglycemic values (80–110 mg/dl;
4.4–6.1 mM).

There is an increasing capability to monitor both the
physiology and neurophysiology of brain-injured humans.
Although monitoring of evoked potentials, intracerebral
microdialysates (neurotransmitters and lactate concentra-
tions), jugular venous oxygen saturation, and intracranial
pressure (ICP) have been utilized in traumatic brain injury,
there is little evidence that use of these monitors alters
outcome from anoxic encephalopathy (but see ref.112).
ICP monitoring may be considered, however, if permissive
hypercapnia is required for oxygenation in drowning
victims with ARDS.

In cardiac arrest studies, repeated assessment of S-100B
and neuron specific enolase has been shown to have value
in predicting neurologic outcome,113,114 but although
promising, there is insufficient evidence at this time to rec-
ommend routine use of these neurochemical markers in
guiding management of drowning encephalopathy.

Other complications

Hypoxia and hypothermia result in pathophysiological
injuries at a celluluar level in all organs. The brain and the
heart are the most vulnerable, but all other organs can also

be affected. Many drowning victims suffer from a wide
range of complications that can extensively prolong the
ICU stay, ranging from the induction of otherwise asymp-
tomatic conditions (Yoshinaga et al. 1999), to various acute
stresses on the respiratory and cardiovascular systems,
including myocardial infarction, stroke, renal failure, and
rhabdomyolysis.

Specific pediatric aspects

Drowning is a leading cause of morbidity and mortality in
the pediatric population of most countries.2–4 There is less
information concerning morbidity, but it is estimated that,
for each drowning death, there are 1 to 4 non-fatal sub-
mersions requiring hospitalization. Such submersion
injuries are often severe, requiring prolonged care
and considerable monetary and emotional costs.3,11,90,91

Childhood drowning generally occurs in two groups: tod-
dlers and adolescents. Toddlers often enter water uninten-
tionally and during brief lapses in supervision. Once
immersed in even small amounts of water, toddlers are
unable to rescue themselves because of their cognitive and
physical immaturity. Both males and females have a peak
in drowning rates during toddler years.

The pathophysiology of childhood drowning is similar to
that for adults except that children have a relatively larger
ratio of surface area to body mass. Therefore, children can
become hypothermic during icy water drownings much
more readily than adults, perhaps resulting in better pro-
tection of the brain and heart. Also the diving reflex is more
likely to occur in children. At the same time, toddlers rarely
show panic when drowning, but remain calm while under
water. Both aspects keep the oxygen consumption low.
This may explain the great preponderance of children in
reports of impressively good saves, notably from pro-
longed icy water drownings.

Most will agree that childhood deaths have a greater
impact on society than do adult deaths. For each child
drowning death, more years of productive life are lost com-
pared with an adult drowning death. Furthermore, there is
a devastating impact on multiple persons associated with
the victim. Childhood death from drowning leads to far-
reaching impacts on public health3,91,115

Coping with a sudden unexpected death is always diffi-
cult. When the victim is a child, the loss is generally even
more devastating. In modern developed countries, child-
hood death is unusual and many people have a strong
belief that children are not supposed to die. Consequently,
the death of a child is often difficult to accept. Children are
an integral part of a family unit and their death has a deep
and lasting impact for those close to them. The death of
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their child is frequently inconceivable to parents. In addi-
tion to immediate family, the profound and long-lasting
impact often affects large numbers of people who have
relationships with the child and family.

Childhood death is also stressful for health care
providers. They may feel an additional burden in caring for
the family as well as for the victim, while concurrently
attempting to deal with their own emotions regarding
childhood death. Many prehospital and emergency per-
sonnel are inexperienced in caring for children and feelings
of inadequacy may provoke additional stress after an
unsuccessful pediatric resuscitation. Decision-making is
different when the victim is a child and some health care
providers are uncomfortable with a process that involves an
extended family unit. Others may appreciate the support
system that families typically provide for their children.

Support for families of childhood drowning victims and
for healthcare providers involved in the unsuccessful
resuscitation deserves great emphasis.

Summary

In low and middle income countries, drowning is an
important but neglected issue. In high income countries
the incidence of drowning is low and attracts limited clini-
cal and research attention. It is important to realize that
drowning is primarily a process of acute respiratory
impairment. The drowning patient is most of all a chal-
lenge for those involved in preventive medicine, rescue,
BLS, and ALS. Diagnostic flaws and therapeutic obstacles
have to be dealt with in the prehospital situation. In the
hospital, rapidly presenting ARDS, optimal usage of
hypothermic protection, providing cardiovascular stabil-
ity, and optimal neurological outcome are therapeutic
challenges.
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The discovery of anaphylaxis

In 1902, Richet and Portier were attempting to immunize
dogs with venom extracted from sea anemones (Actinia).
To their surprise, instead of being protected, some dogs
had apparently become more sensitive to the effect of the
venom: they became acutely ill and died within minutes of
the second injection. They had expected protection (pro-
phylaxis) but had, they thought, achieved the opposite,
which they termed anaphylaxis.1 It soon became clear that
this was not enhanced toxicity of the venom, but rather a
dangerously severe acute allergic reaction that could
equally be triggered by non-toxic proteins. Prausnitz
demonstrated in 19212 that this hypersensitivity could be
transferred by a heat-labile component of the serum, but it
was not until 1966 that the Ishizakas identified this com-
ponent as immunoglobulin E (IgE).3

Hypersensitivity reactions take many forms and
these were classified in 1968 by Gell and Coombes;4 IgE-
mediated hypersensitivity was labelled type I. More
recently, the nomenclature committee of the European
Academy of Allergy and Clinical Immunology (EAACI) has
recommended it should simply be called “IgE-mediated
hypersensitivity.”5

Definitions of anaphylaxis

The term “anaphylaxis” has been used for all types
of acute life-threatening illness triggered by abnormal
sensitivity to a trigger agent, and for apparently sponta-
neous attacks with similar features (idiopathic anaphy-
laxis). This has made it difficult to define. The EAACI

Nomenclature Committee proposed the following broad
definition:5

Anaphylaxis is a severe, life-threatening, generalized or
systemic hypersensitivity reaction.

The term allergic anaphylaxis should be used when the
reaction is mediated by an immunological mechanism
such as IgE, IgG, or complement activation by immune
complexes. An anaphylactic reaction mediated by IgE anti-
bodies, such as peanut-induced food anaphylaxis, may be
referred to as IgE-mediated allergic anaphylaxis. The term
“anaphylactoid” reaction had been introduced for anaphy-
lactic reactions not mediated by IgE,6 but the EAACI com-
mittee has recommended that this term should no longer
be used. These proposals were updated in 2003.7

This proposal has not been universally accepted. An
authoritative recent American practice parameter8 states:
“Anaphylaxis is defined . . . as a condition caused by
an IgE-mediated reaction. Anaphylactoid reactions are
defined as those reactions that produce the same clinical
picture as anaphylaxis but are not IgE mediated.”

Diagnosis

In practical terms, anaphylaxis is a variable acute illness,
characteristically evolving over minutes. It may cause
fatal shock or asphyxia, but otherwise resolves sponta-
neously within hours (Table 62.1).

Although anaphylaxis commonly involves respiratory,
cutaneous, and circulatory changes, variations such as
shock with gastrointestinal disturbance or shock alone
are possible. Alternatively, reactions may be fatal without
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significant shock except as the terminal event following
respiratory arrest.9 Because of its variability, certain other
conditions have commonly proved difficult to distinguish
from anaphylaxis.
1. There is a continuous spectrum between anaphylaxis,

from anaphylaxis with predominantly asthmatic fea-
tures, to a pure acute asthma attack with no other fea-
tures of anaphylaxis. Even life-threatening asthma with
no features of anaphylaxis may be triggered by food
allergy,10 in which case it should be classified as an
acute severe generalized or systemic hypersensitivity
reaction – in other words, anaphylaxis.

2. Similarly, there is a continuous spectrum between
angioedema and anaphylaxis, and between various
forms of urticaria and anaphylaxis, with shock and/or
difficulty breathing in the most severe reactions.
Particular care must be taken to recognize cases
where asphyxia due to upper airway angioedema has
been caused by ACE inhibitors or C1 esterase inhibitor
deficiency, as this often does not respond to adrenaline,
may need tracheostomy, and may respond to infusion of
normal fresh frozen plasma11 or C1 esterase concentrate.

3. Panic is usual in anaphylaxis, which is often accompa-
nied by a characteristic sense of impending doom.
Panic without anaphylaxis may cause a sensation of dif-
ficulty swallowing, of difficulty breathing leading to
hyperventilation, or may cause uncontrollable cough-
ing and difficulty with inspiration. Patients presenting
with these features may be anywhere along the spec-
trum between panic and anaphylaxis.

4. Vasovagal attacks are commoner than anaphylaxis after
injections for immunization and also may occur after
stings, particularly around the mouth. This has led to
confusion with anaphylaxis.

5. Anaphylactic shock may occur without other visible
features of anaphylaxis and will cause myocardial
ischemia:12 it may therefore be difficult to distinguish
from myocardial infarction due to coronary artery
disease.

In distinction to the endless variability of features caused
by anaphylaxis, the time course is characteristic and reac-
tions evolving over a longer time period or resolving too
quickly are more likely to have a different diagnosis. The
time course may be more rapid (as short as a minute to car-
diorespiratory arrest after intravenous injection) or slower
(but rarely more than 6 hours to reach a peak) depending
on the cause(s), severity, general health and make-up of
the patient, and any medication taken daily by the patient
or given to treat the reaction. In most cases when the onset
of severe symptoms was as slow as 5–6 hours, antihista-
mines or adrenaline taken for early symptoms may have
delayed the reaction.

Anaphylactic shock may be cardiogenic (typically older
patients in hospital with pre-existing cardiac pathology) or
due to volume redistribution (typically younger patients,
slower reactions, outside hospital). Myocardial ischemia
with ECG changes is expected within minutes of anaphy-
lactic shock becoming severe (Fig. 62.1).

Asphyxia may be due to upper airway occlusion caused
by angioedema, or bronchospasm with mucus plugging of
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Table 62.1. Mode of death in 188 cases of fatal anaphylaxis recorded in the UK fatal anaphylaxis register

Age (years) 0–9 10–19 20–29 30–39 40–49 50–59 60–69 70–79 � 80

Foods shock 1 2 2

larynx 5 1 4 1 1

d.i.b 3 10 4 1

asthma 4 18 6 4 2 1 1

inhaled vomit 2 1

Stings shock 1 3 7 3 4 3 2

larynx 2 3 1 3 1

d.i.b 1 1 2

asthma 1 1 1

Drugs shock 2 1 3 5 5 9 14 13 3

larynx 1 1 1 3 2

d.i.b 1 1 2 1

asthma 1 3 1 3 2 1

“d.i.b” signifies difficulty breathing due to a combination of upper and lower airways obstruction or cases where the location of the

obstruction was uncertain; “larynx” includes laryngeal and other upper airway angioedema.



the lower airways; the latter most commonly occurs in
patients taking daily treatment for asthma. Both these
processes may occur simultaneously in patients reacting
to foods, latex, beta-lactam antibiotics, or aspirin.

Anaphylaxis usually resolves in 2–8 hours but secondary
pathology arising from the reaction or its treatment may
prolong the condition. In a few cases of food anaphylaxis,
the reaction itself may be prolonged, possibly because the
causative agent is still being absorbed from the gut.
Resolution is complete except when cerebral anoxia at the
peak of the reaction has caused significant brain damage,
or when disordered clotting leads to bleeding, or when
panic during the reaction leads to a lasting phobia of
the cause. A third of fatal cases are resuscitated after the
reaction, but die from complications a variable time later
(median 60 hours) without regaining consciousness.

Causes and epidemiology of anaphylaxis

Foods

Acute allergic reactions have been triggered by almost
every food, but some cause reactions more commonly
than others.13 Eight food groups have been singled out
as high risk in the USA:14 cereals containing gluten, crus-
taceans, eggs, fish, peanuts & soybeans, tree nuts, milk
(lactose included), and sulphite in concentrations of
10 mg/kg or more. Three additional foods are regarded
as high risk in Europe (celery, mustard, sesame);15 these
potently allergenic foods and all their products are subject
to additional regulatory control during manufacture of
packaged foods and must be identified in ingredient lists
to help those with food allergy to avoid reactions. Which
foods are most allergenic depends on geographic and
ethnic factors: for example, celery (or more precisely, cele-
riac) allergy predominantly affects German Switzerland;16

in Japan the list of potently allergenic foods includes buck-
wheat (Fagopyrum esculentum).17 Allergy to cow’s milk
most commonly affects infants, and resolves within 1–3
years except in a small proportion.18 In the UK deaths from
milk anaphylaxis have mostly occurred in patients aged
from 5 months to 16 years, reaching a peak around age 8
years;19 all these were predominantly asthmatic reactions.
Although allergy to hen’s eggs is also commonest in
infancy, the only recent UK death from egg allergy was in
a 43-year-old. The prevalence of peanut and tree nut
allergy is increasing and currently affects around 1% of
UK20 and US21 children, with lower prevalence in most
other countries; deaths from this cause occur predomi-
nantly in teenagers and young adults.22

Animal dander and secretions

Allergy to domestic animals is common. The dominant
allergen in cats is a protein present in the sebum and
saliva,23 whereas for horses the dominant allergen is in the
dander,24 and in rats, the urine.25 The allergy most com-
monly manifests as rhinitis, asthma, or contact urticaria
but anaphylaxis may occur, for example, following bites
from rats in laboratory workers or domestic animals such
as horses26 or hamsters.27

Pollens, spores and dust

Microscopic airborne particles contain a wide variety of
bacterial, fungal, plant, and animal allergens that cause
reactions on mucosal surfaces. Occasionally reactions may
become systemic, particularly if there is contact with a
larger amount of allergen; for example, pollen accumu-
lated on the surface of late snow and inoculated into the
skin by grazing contact during winter sports caused ana-
phylaxis.28 Allergen-specific immunotherapy (repeated
injection of increasing quantities of allergen in the hope of
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inducing tolerance) has repeatedly led to anaphylaxis
when an inappropriately large dose has been given.29 The
digestive proteins of a variety of common mites (including
Dermatophagoides pteronyssinus) are particularly potent
allergens, affecting 15–20% of population in temperate cli-
mates where these mites abound.30 Although respiratory
and conjunctival symptoms are very common, anaphy-
laxis is rare and there has only been one report of a fatal
reaction to natural exposure.31

Latex

Natural rubber latex is the sap of the rubber tree Hevea
braziliensis. More than a dozen allergenic proteins have
been identified in the sap and on rubber goods made from
latex.32 Some of these proteins cross-react with proteins
found in pollens, fruit, and other plant products: thus
around half of those allergic to latex will also react to one or
more of banana, avocado, sweet chestnut, kiwi fruit, and,
less commonly, a range of other foods. There is genetic33

and geographical variation in the foods most commonly
cross-reactive with latex. IgE-mediated reactions to latex
are mostly limited to contact urticaria or asthma from
inhaling latex protein-impregnated starch particles from
powdered gloves. A small fraction of those with latex
allergy suffer severe generalized reactions and latex ana-
phylaxis has occasionally been fatal.34,35 The National
Patient Safety Agency recently issued an alert which
requires NHS Trusts to have policies and procedures in
place to reduce the risk to patients who have allergies asso-
ciated with latex. As well as surgical gloves and catheters,
latex is widely used for manufacture of bathing caps,
condoms, hot water bottles, and adhesives; one fatal ana-
phylactic reaction followed the use of a latex-based adhe-
sive designed to attach hair pieces during coiffure.36

Stings

Venom in the stings of bees, wasps, and related insects
such as fire ants contains highly allergenic proteins
and peptides.37 IgE antibodies are commonly formed
following stings, reaching a peak 3–8 weeks after a sting
and sometimes persisting for many years;38 a second
sting from the same or cross-reactive venom will then
cause an allergic reaction. Sting allergy may be specific
for a particular family or genus; less commonly it is
broadly cross-reactive, so that some people will react to
stings from both bees and wasps.39,40 Severe reactions to
stings cause shock or upper airway blockage;41 asthmatic
reactions are uncommon and largely restricted to those
taking daily treatment for asthma.19 Anaphylaxis is not the

only cause of death from stings: some were caused by local
angioedema around the upper airway due to the direct
toxic effect of the sting,41 and high numbers of stings when
a large nest had been disturbed have caused death
through the systemic toxic effects of the venom.42 There
may be other manifestations of acute illness following
stings: serum sickness-like illness43 or other unusual
symptoms may occur.44 The geographical distribution of
sting anaphylaxis is obviously dependent on the habitats
of the stinging insects: these have already changed due to
global warming and further changes are to be expected.

The venom in scorpion stings triggers maximal release of
endogenous adrenaline:45 it is therefore interesting that
whereas other stings commonly cause anaphylaxis, there
are no reports of anaphylaxis to scorpion stings.

Other plant, animal, or human products

Rare cases of anaphylaxis have been caused by coelenter-
ate (jellyfish) stings,46 bites by hemiptera (bugs),47 diptera
(flies)48 and other insects, animal49 and human seminal
fluid,50 extracts of plants and animals used as food coloring
such as annatto,51 cochineal52 and so on. No clear pattern
has yet emerged that reliably predicts which proteins will
be allergenic and which will not.

Parasites including hydatid disease

IgE antibodies are thought to have evolved principally
to protect against infestation by parasites53 and many
helminthic parasites are very effective at inducing this
class of antibodies. Sudden exposure to antigens from
these parasites can trigger anaphylaxis: this has been most
commonly observed when an echinococcal cyst has been
ruptured during surgery,54 but there are cases of anaphy-
laxis following spontaneous rupture of hydatid cysts; some
have been fatal.9 Anaphylaxis has also been triggered by
fish nematodes (Anisakis) when these have been acciden-
tally eaten in a fish meal.55

Drugs

During the early years of its use, penicillin became famous
as a potent cause of anaphylaxis.56 Reactions to penicillin V
or G are now rare, but aminopenicillins such as ampicillin
and amoxicillin, and similar cephalosporins such as
cefaclor are now the commonest causes of fatal antibiotic
anaphylaxis.57 Interpretation of the literature on cross-
reactivity between penicillins and cephalosporins is com-
plicated by the variety of mechanisms for these adverse
reactions and the low frequency of reactions on challenge
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among those claiming “penicillin allergy:” nevertheless,
significant cross-reactivity between aminopenicillins
and aminocephalosporins is common for IgE-mediated
anaphylaxis.58,59

By far the commonest situation for iatrogenic anaphy-
laxis is at induction of anesthesia, when an opioid, an
intravenous anesthetic, and a muscle relaxant are injected
within seconds of each other. There is compelling evidence
that these reactions are IgE-mediated and that there may
be cross-reactivity between opiates and relaxants,60 giving
scope for synergism between these drugs when they are
injected together. Recent observations by a Norwegian
group suggest a curious possibility for how patients
become sensitized to relaxants. The first observation was
that anaphylaxis to relaxants such as rocuronium was far
more common in Norway than in Sweden. Because previ-
ous theories for sensitization to relaxants focused on envi-
ronmental quaternary ammonium compounds such as
those found in cosmetics and detergents, Florvaag et al.
investigated the differences in exposure and found that
pholcodine cough syrup was a likely candidate:61 this med-
icine is widely used in Norway but is not available in
Sweden. A dramatic rise in IgE reactive with pholcodine,
morphine, and relaxants followed exposure of individuals
sensitized to pholcodine.62

Aspirin and other non-selective cyclooxygenase (COX)
inhibitors will trigger attacks of asthma or urticaria/
angioedema in susceptible individuals.63 The mechanism is
widely thought to be due to diversion of the arachidonic
acid pathway away from prostaglandin towards leukotriene
production,64 combined with susceptibility to the effects of
the leukotrienes. High levels of mast cell tryptase found in
some of these reactions, however,65 suggest the possibility
of more complex interactions including mast cell activa-
tion. This is non-IgE-mediated, at least in the majority
of cases.

Epoxylated castor oil (cremophore) is used as a solvent
for several water-insoluble drugs such as althesin, vitamin
K, and taxol. After repeated use, it may cause non-IgE-
mediated anaphylaxis. Complement activation occurs,
but the mechanism for this is not known.66 Excipients such
as Povidone (polyvinyl pyrrholidone) can cause IgE-
mediated anaphylaxis. As they are used in many different
medicines, the pattern of reactions to the solvents may be
confusing and the cause difficult to establish if this possi-
bility is not considered.67

Immunization

Passive immunization with antisera or antitoxins raised
in horses carries a high risk of anaphylaxis. In those

who have previously received horse antiserum, this
is likely to be due to high levels of IgG anti-horse antibod-
ies, leading to immune complex formation and rapid
complement activation. Patients with pre-existing IgE-
mediated allergy arising from contact with horses may
suffer IgE-mediated anaphylaxis on their first injection of
horse serum.68

Active immunization carries a much lower risk of ana-
phylaxis and fatalities are exceptionally rare. In addition to
the antigen for immunization, the allergenic agent may be
contaminant proteins or antibiotics left over from pro-
duction, such as avian egg or chick proteins,69 an excipient
such as gelatine,70,71 a preservative such as a mercury-
containing compound,72 or an adjuvant such as alum.
Acute adverse events following immunization, however,
are more commonly due to vasovagal attacks or panic;
these have resulted in medical emergencies when inap-
propriate treatment was given, such as intravenous adren-
aline or even intramuscular adrenaline during a panic
attack when the endogenous adrenaline is already high.

Infusions and transfusions

Of all the types of transfusion reaction, anaphylaxis must
be among the rarest; a variety of allergens have been
described and both non-IgE-73 and IgE-dependent mech-
anisms have been postulated.74

Contrast media

Large volume bolus injections have obvious potential
for triggering adverse effects, so it is perhaps surprising
that more reactions to contrast media do not occur.
The mechanism of most non-IgE-mediated reactions is
still unclear75 but they are more common when ionic
media of high osmotic strength are used.76 Fatal reac-
tions have usually been associated with grossly raised mast
cell tryptase, occur mainly in males9,77 (whereas non-fatal
reactions have a strong female predominance),78 and may
be associated with IgE antibodies. Occasionally individuals
are identified with positive skin prick tests (SPT) to con-
trast media,79 although this may not necessarily indicate
IgE-mediated allergy to the contrast medium.80

Disinfectants, sterilizing agents, and fixatives

Chlorhexidine is widely used as a disinfectant and has
emerged recently as a cause of anaphylaxis both in the
operating theatre and at home.81

Orthophthaldehyde is used to sterilize instruments
and endoscopes; these may then cause anaphylaxis
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in susceptible individuals. These reactions may take an
hour or more to become severe and thus often occur after
the patient has left the operating theater.82 Formaldehyde
can also cause anaphylaxis: this has been reported in a
variety of circumstances, including, for example, root
canal treatment in dentistry.83 Positive skin prick tests
have been reported following reactions to chlorhexidine,
orthophthalaldehyde and formaldehyde and standard
commercial tests are available to detect IgE antibodies to
formaldehyde.

Physical causes

Urticaria may be triggered in many ways, including heat
and cold. In some cases it is possible to block heat-induced
urticaria by anticholinergic drugs84 – its original classifica-
tion as “cholinergic” followed speculation that acetyl-
choline caused release of histamine:85 some of these
patients have positive SPT to their own sweat,86 providing
an explanation of how anticholinergic drugs might block
the reaction. Occasionally cholinergic urticaria is severe
enough to be classified as anaphylaxis. Other mechanisms
must exist whereby exercise can lead to anaphylaxis – some
are dependent on food allergy, some on aspirin, and some
when both are present.87

It seems likely a variety of processes can lead to cold-
induced urticaria, but the precise explanation remains
obscure.88 Cold-induced urticaria may lead to anaphylaxis –
for example, after immersion in cold water.89

Amniotic fluid embolus

This has been termed the anaphylactoid syndrome of preg-
nancy and has many features of anaphylaxis, including the
time course and mast cell degranulation90 with raised
tryptase levels;91 it is fatal in 30%–86% of cases.92 Estimates
of incidence range from 1:8000 to 1:120000 pregnancies,
attacks typically occurring during vigorous labor but also
following termination or blunt injury during pregnancy.
The mechanism leading to mast cell activation is not
known but speculation includes IgE antibodies reactive
with amniotic fluid,96 non-IgE-mediated allergy and non-
immune anaphylaxis.

Rare causes

Occasionally unusual causes are identified for ana-
phylaxis that do not fall into any of the categories
already described. For example, although reactions to
hair dye (reaction products of hydrogen peroxide with
p-phenylenediamine or p-toluidinediamine)94 usually

result from contact sensitization, rarely reactions are IgE-
mediated and lead to anaphylaxis; this has been fatal.19,95

Idiopathic

If no external cause of anaphylaxis can be identified, the
reaction may be labelled as idiopathic. This is not simply a
failure to identify the cause; these reactions commonly
have characteristics that set them apart from the reactions
described above. In one subgroup, the reaction typically
starts with itching of the palms and/or soles (not common
in allergen-mediated anaphylaxis), followed by abdominal
cramps with diarrhea, and then severe tremor affecting all
muscle groups. There may be loss of consciousness due to
hypotension during the later phases of this acute illness.
Mast cell tryptase is grossly raised in some cases, but not in
others.

Another type of idiopathic anaphylaxis is at the severe
end of idiopathic urticaria/angioedema; in these reactions
there may be difficulty in breathing due to bronchospasm.
The difference between these attacks and reactions to rec-
ognizable allergens lies in the timing of the reaction; they
often have a more insidious onset and frequently recur
several times over the course of a few days. Reports of
“biphasic reactions” may arise from failure to identify
these attacks as idiopathic anaphylaxis.92 There may be a
single attack, or there may be recurrences at intervals
varying from a few days up to months or even years; gen-
erally the first or second attack is the worst, and subse-
quent attacks decrease in severity. Various epidemiological
studies report the fraction of anaphylaxis that is idiopathic
as 5–37%.96–107

Conditioned anaphylaxis

Neurological processes may possibly trigger repeat reac-
tions in the absence of the original cause.108,109

Pathophysiology of anaphylaxis and factors
increasing the probability of cardiorespiratory
arrest

Because anaphylaxis in its broad sense comprises a het-
erogeneous collection of acute severe transitory illnesses,
it has proved difficult to study in humans, and experimen-
tal animal models may not accurately portray the human
conditions. Mouse models suggest that mast cell activation
is only one of the pathways – macrophage triggering by IgG
antibodies leads to a platelet activating factor-dependent,
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histamine-independent pathway.110 They also suggest that
cytokines such as IL-4 and IL-13 can alter the sensitivity of
mice, increasing the tendency for anaphylaxis. There is no
doubt that human susceptibility for severe reactions varies
from time to time as a result of infection or stress, consis-
tent with the idea that we too may respond to cytokines in
this way.

In human anaphylaxis, IgE-mediated reactions are gen-
erally regarded as the most typical, such as might be trig-
gered by a sting, peanuts, or amoxicillin. At some time
prior to the reaction the subject must have become sensi-
tized, leading to the production of antibodies of the IgE
class.111 After their synthesis and release by plasma cells,
these bind to the high affinity IgE receptor (Fc

�
RI) on

cytoplasmic membranes of mast cells and basophils.
Triggering of these cells requires that the mobility of at
least two receptor molecular complexes is limited by
bridging between them – usually when the IgE antibodies
bind to allergen;112 large rafts of cross-linked receptors

lead to more rapid triggering, causing a sequence of
changes within the mast cell or basophil.113 Redistribution
of calcium within the cell then leads to release of granules
containing histamine and a variety of proteins including
mast cell tryptase, chymase, and carboxypeptidase, and
proteoglycans including heparin and chondroitin sul-
phate.114 Other synthetic pathways are initiated, leading to
release of arachidonic acid from phospholipids in the
nuclear membrane and its conversion to prostaglandins
such as PGD2 and leukotrienes such as LTC4; platelet acti-
vating factor (PAF) is also formed (Fig. 62.2).

PAF may be the key to the difference between mild aller-
gic reactions and anaphylaxis: it comprises a variety of
related phospholipid derivatives with an ether linkage at
the sn-1 position of the glycerol backbone, a short acyl
chain, usually an acetyl residue, at the sn-2 position, and
the polar head group of choline or ethanolamine at the
sn-3 position. The length of the alkyl chain at the sn-1
position and the number of double bonds also affect its
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biological activity. PAF has potent effects on the heart,
blood vessels, and the airways, all of which cause changes
typical of severe anaphylaxis.115 PAF acetyl hydrolase com-
prises a family of enzymes that inactivate PAF; genetic vari-
ants with reduced or absent activity have been associated
with increased severity of asthma and anaphylaxis.116

The kinin system is also activated in anaphylaxis.117 Mast
cell peptidases detach bradykinin from its precursor, the
high molecular weight kininogen,118 and kallidin from the
low molecular weight kininogen. There may be other
routes of activation such as the more usual activation of
factors XII and XI of the blood clotting cascade and of
kallikrein.119 These kinins have potent effects on blood
vessels, similar in many ways to those of histamine but
with a slower time course.120 Because angiotensin convert-
ing enzyme (ACE) is one of the main brakes on the kinin
system (it acts as a carboxypeptidase, inactivating the
kinins), ACE inhibitors potentiate anaphylaxis, increasing
the tendency to both shock121 and swelling, both because
they increase the bradykinin activity and because they
lower angiotensin activity; angiotensin is a natural antago-
nist of anaphylaxis.122 Genetic deficiency of aminopepti-
dase P (another enzyme like ACE that inactivates
bradykinin) is another cause of angioedema when ACE
inhibitors are administered.123

Anaphylatoxin (split products of complement activa-
tion) was one of the earliest recognized mediators of ana-
phylaxis.124 It is produced in vitro during complement
activation and if injected, leads to anaphylaxis. Plasma
carboxypeptidases quickly inactivate anaphylatoxin,125

however, and it is less certain what effect this has in vivo.
Complement activation occurs in dextran reactions,126

where IgG antibodies form immune complexes with the
dextran. The resulting anaphylaxis may well be due to ana-
phylatoxin but multiple other pathological changes
occur.127 Dextran anaphylaxis may be fatal.128

As might be expected with so many potent mediators,
there are rapid effects on many tissues and organs.
Arterioles relax and dilate, increasing the pressure in capil-
laries and venules. The postcapillary venular endothelium
leaks fluid into the tissue resulting in angioedema and aug-
menting the decrease in vascular return caused by the
increase in intravascular volume. In other cases, direct
action of mediators on the myocardium115,129 may reduce
cardiac output by decreasing contractility or causing
arrhythmia of any kind; when this happens there may be
insufficient pressure to cause urticaria or angioedema,
resulting in anaphylactic shock with no other manifesta-
tion of an allergic reaction.

Shock is affected by posture and there is a remarkable
association between upright posture and irreversible

cardiac arrest from anaphylaxis, to the extent that in all
fatalities from anaphylaxis outside hospital where the pos-
tural history was known, there had either been a change to
a more upright posture or an upright posture had been
maintained after loss of consciousness.12 A possible mech-
anism for this is that although the blood pressure is low,
there is some venous return while the posture is horizon-
tal, but on assuming a more upright posture insufficient
blood returns to the vena cava and it rapidly empties.
Within a few beats, the heart becomes empty and as there
is no cardiac output, the vena cava remains empty and
resuscitation by external cardiac massage is impossible. As
with all severe shock, the decreased cardiac output leads to
myocardial ischemia with typical ECG changes. When
there are no other manifestations of anaphylaxis, this has
been mistaken for primary myocardial infarction.

Simultaneously, mediators may lead to respiratory diffi-
culty, either through angioedema in the pharynx, larynx, or
trachea, or through bronchospasm. In asthmatics with
remodelling of the airways this will be more severe and is
accompanied by secretion of viscid mucus which con-
tributes to the airways occlusion. Asthma, particularly
when it is not optimally treated, is a risk factor for fatal ana-
phylaxis, particularly to foods and NSAIDs.9,22

There may also be rhinitis with sneezing, irritation of
airways with coughing, and panic because of a feeling
of loss of control over what is happening in the body.
A sense of impending doom is characteristic of panic
and is frequently reported by those with anaphylaxis.130

Nevertheless, panic with hyperventilation (which may lead
to wheezing, particularly if the subject has exercise-
induced asthma), coughing with panic and paradoxical
vocal chord movement or laryngospasm with stridor, have
all been mistaken for anaphylaxis and vice versa. Both the
increased sympathetic tone and the rise in circulating
adrenaline that occur in panic protect against progression
to anaphylaxis; this may explain why exhaustion may
promote severe reactions, because of depletion of sympa-
thetic reserves.

The formation of PAF during anaphylaxis in mice110

causes disordered clotting with intravascular coagula-
tion.131 Clotting is also disturbed in human anaphylaxis
and the ensuing bleeding may be difficult to manage, par-
ticularly when there are other sequelae such as cerebral
ischemia or adult respiratory distress syndrome.

Biphasic reactions have been reported to occur com-
monly by some authors.132,136 and to be unusual by others.9

Possible explanations include undertreatment leading to
recurrence of symptoms (particularly omission of steroids
from the initial treatment, predisposing to late-phase asth-
matic symptoms), or inclusion in the series of idiopathic
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anaphylaxis, where there may be one or more cycles of
partial resolution and recrudescence over days or even
weeks. Mouse models suggest the late phase may be
related to PAF activation.133

Management of anaphylaxis

There is more to the management of anaphylaxis than
simply giving the correct treatment to anyone who has a
reaction. The first problem is recognizing that the acute
illness (or if the patient is already ill, the acute deteriora-
tion) is due to anaphylaxis.

Strategies for optimal management of anaphylaxis
depend on the likely mode of death, and this in turn
depends on the cause of the attack. Once the patient has
been rescued from this danger, the cause for the reaction
must be found and the patient advised about how to
prevent a recurrence, both by preventing reexposure and
by minimizing the severity of a reaction if accidental re-
exposure occurs.

Diagnosis

Anaphylaxis is surprisingly difficult to diagnose. It is
usually unexpected; and even in situations when it might
be expected, experience shows that the correct diagnosis is
frequently not achieved in time to give treatment that will
stop progression to anaphylaxis. The main confusions
have been listed above.

Treatment of the acute reaction

Even patients with severe untreated reactions recover with
much the same time course as those of similar severity who
are treated. The primary objective of treatment is to
prevent the incipient illness turning into anaphylaxis; once
cardiac arrest is established it should be treated according
to standard protocols.

Recommendations for management of anaphylaxis vary
according to the situation. What is appropriate for a para-
medic is not what will be needed by an anesthetist. Separate
UK guidelines have been published for first responders,134

paramedics, anesthetists, and radiologists; the guidance
for immunization reactions has now been brought in line
with that for first responders. Other countries have pub-
lished consensus guidance (e.g., USA).8 In every situation,
however, the first drug to be given is adrenaline. Although
there has never been a randomized controlled trial, there
are good theoretical grounds to suppose this is a logical
treatment135 and there is sufficient anecdotal evidence

supporting its use to ease breathing difficulty and restore
adequate cardiac output. Both alpha and beta activity are
needed, centrally increasing the force of the myocardial
contractions and, paradoxically, slowing the rhythm by
increasing peripheral resistance, which in turn helps reduce
peripheral leakage from the postcapillary venules by a com-
bination of increased arteriolar tone and reduced venular
permeability. In the lungs, the beta-2 activity relaxes the
bronchiolar smooth muscle, easing bronchospasm. In some
cases, upper airways angioedema may respond dramati-
cally to adrenaline, whereas in others there may be little
benefit and tracheostomy may occasionally be needed.

The earlier adrenaline is given, the higher the probabil-
ity it will prevent anaphylaxis from developing.136 In addi-
tion to the actions listed above, there are beta-2 adrenergic
receptors on mast cells137 that inhibit activation138 and
consequently early adrenaline administration attenuates
the severity of IgE-mediated allergic reactions. Because of
this, beta-blockers enhance the severity of anaphylaxis.139

There has been argument about the optimal route for
administration of adrenaline.140 Absorption of adrenaline
from muscle depends on the blood flow. Blood flow
through subcutaneous tissues (predominantly alpha-
adrenergic receptors) is restricted by even very low con-
centrations of adrenaline141 and adrenaline is poorly
absorbed from this site, which should not be used when
treating anaphylaxis. Beta-adrenergic activity at physio-
logical concentrations causes vasodilatation:142 absorption
therefore depends on the ratio of beta- to alpha-adrenergic
receptors. Beta receptors are induced in muscle blood
vessels by exercise;143 possibly because of this, absorption
is better from the extensor muscles of the thigh than from
the arm.144 The preferred site for intramuscular injection of
adrenaline is therefore the midpoint of the thigh, on the
anterolateral aspect. If an autoinjector is used, it is impor-
tant to ascertain that the needle is long enough to deliver
the injection into the muscle [see below].145

Once shock is established, however, adrenaline loses its
effectiveness146,147 and repeated bolus injection may have
only transient effect on the blood pressure.148 In this case,
infusion has proved more effective in experimental
models149 and anecdotally in humans. In cases where
adrenaline fails to restore the blood pressure, selective
alpha-agonists may be tried150 but it may be more logical to
use vasopressin.151 There is some evidence that glucagon
may be helpful for those who are unresponsive to adrena-
line because they are on beta-blockers.152 Rapid fluid infu-
sion is essential if the pressure is so low that the central
venous return is threatened; in this situation posture can
be critical and raising the legs may assist venous return as
much as 0.5–1.0 l of fluid.153
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While 1.0 mg of adrenaline i.v. is recommended in the
treatment of cardiac arrest, it is crucial to realize that intra-
venous adrenaline is dangerous in the conscious patient.
Bolus injection of as little as 0.5 mg leads to dangerous ele-
vation of the blood pressure with a range of harmful, some-
times lethal effects. Pulmonary edema is a regular effect
(intravenous adrenaline is the basis for experimental
models of pulmonary edema):154 if the resulting difficulty
in breathing is mistaken as a worsening of the anaphylaxis
and more adrenaline is given, a vicious spiral may result,
ending with the death of the patient. Alternatively, the
rapid extreme increase in blood pressure may lead to dis-
section of arterial intima – typically in the vertebral arter-
ies, with subsequent thrombosis which may detach and
lodge at the bifurcation of the basilar arteries, causing
infarction of the thalamus and optic cortex. In other cases
there has been arterial bleeding into the brain. Persistent
memory, cognitive, and intellectual impairment has regu-
larly followed intravenous bolus injection of adrenaline.
There may also be myocardial ischemia.155 It is therefore
strongly recommended that intravenous adrenaline is only
used in monitored patients and the dose titrated against
the effect.134 Even so, vomiting is common following slower
i.v. adrenaline use. This is particularly dangerous if the
patient’s stomach is loaded with allergen: inhalation of
vomit has been a regular cause of death in such cases.

Although adrenaline will relieve bronchospasm, it is
usual in addition to treat wheezing by nebulized salbuta-
mol. Bronchospasm resistant to both adrenaline and
salbutamol may be a result of excessive daily use of salbu-
tamol.156 In this case a bronchodilator acting through a dif-
ferent mechanism will be needed, such as aminophylline
or magnesium sulphate.157,158

After adrenaline, an antihistamine should be used such
as chlorphenamine 10 mg by intramuscular or slow intra-
venous injection and steroids are recommended to
prevent late phase recrudescence of the reaction: these are
commonly given as hydrocortisone 100–400 mg i.v., but
this may cause very unpleasant side effects with intense
paresthesia and sometimes shock.159 This has been mis-
taken as a sudden worsening of the reaction and has led to
inappropriate injection of adrenaline.

Various other strategies have been suggested. Military
antishock trousers may reverse some of the volume redis-
tribution.160 Methylene blue antagonizes the effects of NO
on the vessels.161

Investigation of causes and mechanisms

A recurrence of anaphylaxis is common162 and has been
fatal. It is therefore essential that anyone with anaphylaxis

is referred to an appropriate specialist for investigation of
the cause and advice about management.

Minimizing chance of reexposure

The cause of the reaction may seem obvious, but mistakes
are common. Proper investigation is important because,
however careful the avoidance is, it will be ineffective if
the patient avoids the wrong thing. Effective allergen
avoidance may demand a lifestyle change and is likely to
affect the quality of life.163 The patient needs to know
more after penicillin anaphylaxis than simply that they
should avoid penicillin, or after reacting to food, that it
may have contained nuts and they must avoid nuts in
future. Patients are more likely to get good advice from an
appropriately trained specialist and should therefore be
referred accordingly.

Minimizing danger from effects of reexposure

Allergen avoidance can never guarantee safety from acci-
dental exposure164 but the effect on the patient of such an
accident can be minimized in a variety of ways. Allergen-
specific immunotherapy (desensitization) is available for
bee and wasp sting anaphylaxis and will greatly reduce the
risk of a recurrence. Gradually increasing doses of pure
venom are injected, followed by maintenance treatment at
4–6 week intervals for 3–5 years: this leads to long-lasting
protection.165 This therapy has proved too dangerous for
routine use with food allergy,166 but as most food-induced
anaphylactic deaths have been dominantly asthmatic
reactions in those taking suboptimal daily treatment for
their asthma,9,22 improved daily asthma management will
be at least partially protective.

Patients with anaphylaxis to food or stings may be
advised to carry self-injectible adrenaline.167 Devices are
available that deliver one or two doses of 0.3 mg or, suitable
for those under 30 kg body mass, 0.15 mg of adrenaline.
This equipment will only be effective if the patient carries
the adrenaline at all times there is a risk of exposure, knows
how and when to use the injection, and has an autoinjec-
tor that can deliver an intramuscular injection. One or
more of these conditions are commonly not met.145,168

Needle length depends on the make and varies from 9 to
16 mm. It is important to confirm that the skin-to-muscle
thickness is less than this in the target area (anterolateral
aspect of the mid-section of the thigh).145 Skin-fold thick-
ness may give an estimate in some patients; others will
need an ultrasound or MR scan. Patients with autoinjec-
tors need to have regular reviews to ensure that their device
is still appropriate, that they remember how and when to
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use it, that it is in date, that they have not been prescribed
drugs that have adverse interactions with adrenaline and
so on.169
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Cardiac arrest in remote areas such as in the wilderness and
at high altitude cannot be compared directly with cardiac
arrest in the urban setting, and both scenarios merit spe-
cific consideration. Given that mountains and, in particu-
lar, ski resorts have become increasingly popular with
tourists, the occurrence of cardiac arrest in more remote
places becomes an epidemiologic problem. Moreover, mil-
lions of people worldwide travel by plane, where they are
exposed to a high altitude environment that may con-
tribute to cardiocirculatory problems or even cardiac
arrest. This chapter focuses on both of these specific set-
tings and their relevant physiologic and epidemiologic
characteristics.

Cardiac arrest resulting from high altitude on
mountains

Worldwide, it is estimated that approximately 40 million
individuals live above 8000 feet, and 25 million live
above 10 000 feet.1 Both travelers who arrive abruptly
into an hypoxic environment and residents who live
year round at such altitudes have different risks for
cardiac arrest. Mountain sports activities and tourism
are attracting increasing numbers of participants each
year. This, combined with the rapid ascent made possible
by air transportation, results in increased members of
unacclimatized individuals at risk for high-altitude
illness. More than 1 million visitors travel annually to the
remote high mountain ranges of Asia, Africa, and South
America.1 Approximately 35 million visitors travel annu-
ally to high-altitude recreation areas in the western
United States.1

The clinical syndrome of high-altitude illness comprises
several symptoms that may overlap and share a common
pathophysiology. If individuals fail to acclimatize and
ignore the clinical signs of the typically benign and usually
self-limited acute mountain sickness (AMS), they are at
risk of developing high altitude pulmonary (HAPE) or cere-
bral edema (HACE). Approximately 8% of individuals who
develop AMS at 14 000 feet (4000 m) will develop these life-
threatening conditions at higher altitudes,2 and both HAPE
and HACE can deteriorate and result in cardiac arrest.

The incidence of AMS varies with altitude and rate of
ascent. It increases from 3% at 6000 ft (1829 m) in trekkers
in the eastern Alps not staying at this altitude overnight3 to
9% at 2850 m (9000 ft)4 to 25% in tourists in the western US
at 2400 m (8000 ft),5 47% in those who fly into the Khumbu
region of Mt Everest at 12 000 ft (3600m)2 and 67% in hikers
on Mount Rainier at 14 000 ft (4000 m).6 These incidence
rates depend on many variables, including the velocity of
ascent, highest altitude reached, sleeping altitude, dura-
tion of stay at any altitude, and individual susceptibility.
Both HAPE and HACE are more common with a longer
duration of visit and higher sleeping altitude. Gender does
not affect the incidence of AMS; however, women may
have less risk of developing HAPE.2,7

The number of elderly people visiting mountain resorts
is increasing. Six million visitors older than 55 years of age
travel annually to the Colorado Rocky Mountains, accord-
ing to the Colorado Tourism Board. Many of these individ-
uals have underlying health problems, including lung
disease (10%), heart disease (25%), and hypertension
(30%).8 Despite these pre-existing risk factors, older adults
are less likely to develop AMS when compared with other
age groups,8 yet there are clues that the elderly may not
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react well to acute high-altitude exposure. Pulmonary vital
capacity decreases almost one-third in elderly individuals
who go from sea level to 14 000 feet (4000 m) for 1 week,
producing a significant drop in both oxygen saturation and
maximal oxygen uptake during exercise. For elderly indi-
viduals residing at moderate elevations, oxygen saturation
is approximately 92% at rest.8

Epidemiology of AMS-induced cardiac arrest

While AMS may contribute to fatalities of other causes
such as trauma, and misjudgment of danger in a propor-
tion of deaths, the disease itself is uncommonly lethal.
From 1950 to 2003, among approximately 30000 moun-
taineers in the Himalayas, 664 died. Of those, 43 (6.5%)
died of AMS/HACE/HAPE and 53 (8%) had AMS as a
contributing factor to some other form of death9 (e.g.,
“Hammann [. . . had] cerebral edema and froze to death;”
Report DHAI-951-02 of the Himalayan Database).

Of 23 people who died on expeditions to summits > 7000
meters, 4 died of worsened AMS.10 In a period of 3 1/2
years, helicopter rescue flights at moderate altitude in the
Himalayas responded to 1 HAPE and 2 HACE patients out
of 23 dead and to 38 AMS patients out of 111 live trekkers
who were evacuated.11 The response time for the heli-
copter to arrive was more than 24 hours. There are no data
on the actual number of fatalities. It is estimated that there
are about 100–200 deaths world-wide secondary to alti-
tude illness and most of these are in soldiers in Pakistan
and India, climbers on Kilimanjaro and Aconcagua, and
unknown tourists in Asia and South America. In the United
States and Europe, deaths are obviously rare, and no reli-
able data are available (personal communication, Peter
Hackett 2005).

Definitions

Moderate altitude is between 8000 and 12000 feet
(2400–3600 m) of elevation. Although most people do not
experience significant arterial oxygen desaturation until
they reach higher altitudes, high-altitude illness is common
with rapid ascents above 2500 m (8200 ft). Individuals with
underlying medical problems may be predisposed to devel-
oping altitude illness at these lower levels.

High altitude is between 12000 and 18000 feet
(3600–5500 m). Most serious altitude illness occurs at these
levels. The pathophysiologic effects of high altitude begin
when the oxygen saturation of the arterial blood begins to
fall below the 90% level. The sigmoidal shape of the oxy-
hemoglobin dissociation curve prevents a significant fall of

arterial oxygen saturation (SaO2) in most individuals up to
an altitude of approximately 12 000 feet. At this altitude, the
steep portion of the curve is encountered, and rapid desat-
uration begins, with relatively small increases in altitude
(Fig. 63.1). Some predisposed individuals may become
desaturated to less than 90% at altitudes as low as 8000 feet
(2400 m).

Extreme altitude is above 18000 feet (5500 m). At this
height, the human organism is not able to cope with the
environmental conditions, and to adjust physiologic func-
tion for long-term survival. Accordingly, prolonged visits
above this level will inevitably result in progressive deteri-
oration. Moreover, in cases of life-threatening high-
altitude illness, air rescue by helicopter – although proven
feasible – is unavailable.

Acclimatization

Acclimatization occurs gradually and involves multiple
respiratory, cardiovascular, and hematologic adjustments,
allowing a greater ability to survive and perform in the
high-altitude environment. It begins at the altitude that
causes the oxygen saturation of arterial blood to fall below
sea-level values. The ability to acclimatize is different
among individuals, in part depending on the so-called
hypoxic ventilatory response, the hyperventilation trig-
gered by the carotid bodies, and central mechanisms in the
medulla.1,12

Respiratory adaptation consisting of an increase in
minute ventilation is the most important physiologic
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change that occurs during acclimatization, causing a
decrease in the partial pressure of carbon dioxide in arter-
ial blood (PaCO2). The alveolar gas equation states that, as
the alveolar PCO2 decreases, a corresponding increase in
PO2 occurs, thereby increasing arterial oxygenation. Thus
the level of ventilation determines alveolar oxygen for a
given inspired oxygen tension.

Pathophysiology

The clinical syndrome of high-altitude illness represents a
spectrum of symptoms (Table 63.1) sharing common and
interconnected pathophysiologic mechanisms.

For a detailed description of the pathophysiology of alti-
tude illness, the reader is referred to several references.13–17

Briefly, the initiating factor is believed to be hypobaric
hypoxemia which sets into motion a complex pathologic
process that involves the circulatory, pulmonary, endocrine,
and central nervous systems and leads to the development
of the various clinical symptoms.

Hypoxemia alters fluid homeostasis, resulting in a gen-
eralized fluid retention, followed by the shift of fluid into
the intracellular spaces. This is regulated by an interplay of
antidiuretic hormone (ADH), the renin-angiotensin-
aldosterone system, and the atrial natriuretic peptide. The
inappropriate release of these hormones is thought to be
the underlying pathogenic mechanism for the develop-
ment of high-altitude edema.

Hypoxia is a potent pulmonary vasoconstrictor, and pul-
monary vascular resistance is increased. In the lungs,
hypoxemia resulting from high-altitude exposure causes
pulmonary artery hypertension. Uneven pulmonary vaso-
constriction in HAPE-susceptible individuals may result in
distention, injury, and increased permeability of the pul-
monary vasculature. Pulmonary blood flow is also
increased as a result of hypoxia increasing cardiac output.
In HAPE victims an uneven distribution of pulmonary
vasoconstriction may result in overperfusion, distention,
and leakage in the remaining vessels,18 which may explain
the patchy nature of the infiltrate visualized on chest x-ray
films of patients with HAPE (Fig. 63.2). Exercise and cold
stress on arrival at high altitudes are commonly associated
with HAPE, as well as sympathetic nervous system stimu-
lation with catecholamine release.19

The manifestations of mild AMS/HACE appear to be
the result of central nervous system dysfunction: vaso-
genic edema resulting from increased permeability of
brain capillary endothelial cells may be the primary mech-
anism.20 Hypoxemia also produces changes in cerebral
blood flow and blood volume, which along with a loss of

autoregulation may also play a part in the pathogenesis of
AMS/HACE.

Hypoxemia also results in an increase of cerebral blood
flow, but this is mitigated at high altitude by the vasocon-
strictive effect of hypocapnia secondary to hyperventila-
tion.21 Cerebral blood flow is thought to increase, despite
the hypocapnia, when PaO2 is less than 60 mm Hg (altitude
greater than 12 500 feet). This net increase of blood flow
increases intracranial volume and may contribute to
changes in intracranial pressure.

High-altitude pulmonary edema

HAPE is the most common fatal manifestation of severe
high-altitude illness. Although HAPE is uncommon below
10 000 feet, it can occur, and even be fatal, at altitudes
as low as 8000 feet. Episodes occurring between 8000 and
10 000 feet are usually related to heavy exercise or due to
malformation of the cardiovascular/pulmonary system,
but at higher altitudes pulmonary edema may also occur at
rest or with only light activity.22 The incidence of HAPE
varies from 0.01% to 2% in most studies, but has reached
15.5% among soldiers who were flown directly to 14 500
feet without a chance to acclimatize at a lower altitude.23,24

Susceptibility for developing HAPE may exist in some
individuals who may experience HAPE with each ascent to
altitude. Many patients, however, have a single episode of
HAPE and subsequently are able to return to high altitude
without a recurrence. Conversely, those with previously
uneventful high-altitude exposures may develop HAPE in
a future ascent.

Individuals who have been residents at high-altitude
locations for extended periods, pulmonary edema may
develop on re-ascent from a trip to low altitude. This phe-
nomenon, which occurs primarily in children and adoles-
cents, has been termed reentry HAPE.

1120 P. Eisenburger et al.

Table 63.1. Symptoms of acute altitude-related sickness

• Nausea and vomiting

• Severe headache

• Fatigue

• Tachycardia

• Respiratory distress

• Mental alteration 

• Dry coughing

• Vertigo

• Ataxia

• Oliguria (
 500 ml / day) 

• Sleeplessness



Clinical presentation

The initial symptoms of HAPE usually begin insidiously 2
to 4 days after arrival at high altitude. Although most cases
occur during the second night, HAPE may develop
rapidly, with early symptoms apparent after just a few
hours at high altitude. Marked dyspnea on exertion,
fatigue with minimal to moderate effort, and dry cough
are early manifestations of the disease. The symptoms of
AMS usually occur concurrently with the development of
HAPE.

Physical examination reveals a few rales in mild HAPE,
usually in the region of the right middle lobe, progressing
to unilateral or bilateral rales, then diffuse bilateral rales
and audible rhonchi and gurgles that can be heard
without a stethoscope. Central cyanosis, tachypnea,
tachycardia, and slightly elevated temperatures are also
common. A respiratory tract infection may occasionally
be seen. As the condition intensifies, cerebral edema or
simply severe hypoxemia causes central nervous system
dysfunction, such as ataxia and altered mentation. Coma
may follow and precede death in a few hours if oxygen
therapy is not instituted, or immediate descent is not
possible.

Ancillary tests

Chest radiographs can help elucidate the nature of the
illness. The infiltrates seen in HAPE victims are fluffy
(alveolar) and patchy in distribution, with areas of clear-
ing between the patches. Unilateral infiltrates may be
seen in mild cases. Bilateral infiltrates indicate a severe
form of HAPE, and involvement of the right midlung field
is a common sign (Fig. 63.2). Pleural effusion is rare but
may be present in severe cases. The extent of the edema
present on the chest film roughly parallels the clinical
severity.22 The radiographic findings of cardiomegaly, bat-
wing distribution of infiltrates, and Kerley B lines, which
are typical of cardiogenic pulmonary edema, are absent
in HAPE.

Radiographic evidence for HAPE clears rapidly after ini-
tiation of treatment; some mild cases may clear in 4 to 6
hours and most clear by 24 hours. In some cases of severe
HAPE, however, infiltrates may persist for as long as 2
weeks even though the clinical symptoms have resolved.

An electrocardiogram (ECG) prior to arrest will usually
reveal tachycardia and evidence of right-heart strain,
including right axis deviation, P-wave abnormalities, tall R
waves in the precordial leads, and S waves in the lateral
leads (Fig. 63.3).22 Invasive hemodynamic monitoring
shows increased pulmonary vascular resistance, elevated

pulmonary artery pressures, but normal pulmonary wedge
pressures.25 Likewise, echocardiography studies demon-
strate high estimated pulmonary artery pressures, pul-
monary vascular resistance, and normal left ventricular
function.26,27

High-altitude cerebral edema

HACE is the least common yet most severe form of high-
altitude illness. The incidence of HACE is lower than that of
HAPE, and although it usually occurs together with HAPE,
it may be seen as an isolated entity. Death from HACE at as
low as 8200 feet has been reported, although most cases
occur above 12000 feet.28 Mild AMS may progress rapidly
to severe HACE with coma within 12 hours.5 The usual time
course is 1 to 3 days for the development of severe symp-
toms, but in some cases severe symptoms and coma do not
develop for 5 to 9 days.29
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Fig. 63.2. X-ray HAPE (courtesy Dr. Peter Hackett, with

permission). Chest X-ray of a patient with high altitude

pulmonary edema (HAPE).



Clinical presentation

HACE is characterized by evidence of global cerebral dys-
function and represents the most severe manifestation of
AMS. Symptoms of severe AMS (headache, fatigue, vomit-
ing), as well as those of HAPE (cough and dyspnea), are
usually present. HACE-specific signs include ataxia, gener-
alized seizures, slurred speech, rare focal neurologic
deficits, and altered mentation. The last mentioned can
range from mild emotional lability or confusion to halluci-
nations, and ultimately decreased levels of consciousness
that may proceed to coma and death.29 MRI scans in
patients with HACE reveal white matter changes consis-
tent with vasogenic edema (Fig. 63.4).30 Ataxia alone is an
indication for immediate descent.

Progression to cardiac arrest

Deterioration of AMS, HAPE, and/or HACE will ultimately
result in cardiac arrest if adequate therapy is not available
in the appropriate time. Once the patient suffers cardiac
arrest, successful resuscitation may be considerably less
likely than it is in other settings. First, because of the

remote location, i.e., wilderness or high altitude, proper
performance of CPR will be limited by several factors, such
as fatigue of the rescuers, environmental issues, and the
availability of advanced life support means. Second,
cardiac arrest caused by deteriorated HAPE or HACE is typ-
ically the result of prolonged hypoxemia. While central res-
piratory depression due to cerebral edema can be treated
sufficiently by artificial ventilation, it is obvious that the
pulmonary pathology of HAPE will not immediately
respond to oxygen therapy. In addition, it is well known
that asphyxial cardiac arrest is associated with poor
outcome. Third, since resuscitation efforts focus on the
restoration of cerebral perfusion and re-oxygenation, cere-
bral edema and elevated intracranial pressures during
HACE will further limit the chance for successful CPR.31

The key to successful resuscitation is recognizing
the patient’s deterioration and treating the underlying
problems before cardiac arrest develops. In addition,
the specific pathophysiology of altitude-related illness
deserves a distinct therapeutic approach. Since the cause of
a cardiac arrest at high altitude may not necessarily be AMS,
but may also include myocardial infarction, stroke, or pul-
monary embolism, it is obvious that therapy will be difficult
to direct.
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Cardiac arrest in children and young adults at high
altitude

The etiology of cardiac arrest in infants and children at
high altitude is predominantly asphyxial; respiratory
failure often precedes cardiac arrest. Especially during
infancy, high-altitude hypoxemia may unmask a pre-
existing cardiopulmonary condition that may be well com-
pensated at low altitudes. Interruption of the postnatal
decline in pulmonary artery pressure. Unusually severe
anemia before postnatal erythropoiesis accelerates, and
presentation of previously undiagnosed congenital heart
malformations are examples of risks unique to altitude
exposure in the very young. Coupled with limited ability of
the patient to communicate distress clearly, and the non-
specific signs of illness in infancy, diagnosis of altitude-
related illness may be delayed until a critical point has
been reached. Conversely, the vulnerability of young chil-
dren usually means that parents protect them from expo-
sure to extremes of high altitude. Lack of exposure to the
conditions resulting in severe high altitude cerebral edema
may account for the absence of reports in the medical lit-
erature of fatal cases of HACE in children.32

The pathophysiology underlying cardiac arrest may
differ substantially between infants and children who stay
temporarily at high altitude (sojourners) as compared to
those who are long-term residents there.

Sojourners
Children apparently experience an incidence of AMS very
similar to that observed in adults.32 Acute exposure to high
altitude can result in an exaggerated hypoxemia that may
potentiate other underlying pathophysiologic conditions,
such as bronchopulmonary dysplasia following preterm
birth and respiratory distress syndrome, congenital
heart disease, severe anemia, or pulmonary hypoplasia.
High altitude pulmonary edema does occur in children,
although the incidence has not been well established.32 As
in adults, risk varies with rapidity of ascent, altitude
reached, and previous history of HAPE. In addition, certain
risk factors such as antecedent illness,33 especially viral res-
piratory tract infections, or as mentioned above, underly-
ing congenital heart disease, and other genetic conditions
may uniquely predispose children to HAPE.

A lethal episode of HAPE has been described in an ado-
lescent with unilateral absence of the pulmonary artery.34

Several case reports of non-lethal occurrences also docu-
ment such an association.32

Children with trisomy 21 (Down syndrome) have multiple
medical risk factors that place them at higher risk for HAPE;
these factors include chronic pulmonary hypertension,

pulmonary overperfusion from left-to-right shunts (ventric-
ular septal defect (VSD), patent ductus arteriosus (PDA),
atrial septal defect (ASD), and more complex congenital
heart malformations), and frequent infections. A retrospec-
tive review of 52 patients treated for HAPE at The Children’s
Hospital in Denver, Colorado identified 6 children with
trisomy 21.35 All but one of these children had either chronic
pulmonary hypertension or an active or surgically repaired
left-to-right shunt; the remaining child had a history of
preceding or concurrent illness, as did 4 other children in
the series. The rapid onset of pulmonary edema and the
relatively low altitudes (1738 m to 3252 m – 5100–10700 ft)
suggest the need for heightened awareness when children
with Down syndrome travel above sea level.

Sudden death has been reported in the setting of high alti-
tude and extreme exertion among young adults with sickle
cell trait.36 Four young men (ages 19–21 years) experienced
sickling crises and sudden death during moderate-to-severe
exercise after recent arrival at relatively high altitude
(1240 m – 4060 ft). Vaso-occlusive and splenic crises have
been well described among patients with sickle cell anemia,
sickle/hemoglobin C disease, and sickle/thalassemia who
travel to the mountains above 2000 m (6600 ft).37,38
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Residents
Among children resident at high altitude, pulmonary
hypertension and high-altitude pulmonary edema are
pathophysiologic mechanisms of great importance.
Hypoxemia at high altitude also potentiates mortality from
lower respiratory infections and may increase the inci-
dence of sudden infant death syndrome.39–42

Symptomatic high-altitude pulmonary hypertension
must be recognized as an important, and potentially lethal
altitude-associated illness.43 Typically, subacute pul-
monary hypertension at high altitude develops in young
children (generally under 18 months) of low-altitude
ancestry who are exposed continuously to altitudes above
3000 m for periods longer than 1 month.44–46 Oxygen
administration and descent are often sufficient to bring
improvement after timely diagnosis. Nevertheless, cardiac
arrest occurs in cases with advanced right ventricular
failure and irreversible pulmonary hypertension.46,47 A
well-documented autopsy series revealed severe right
ventricular hypertrophy and vascular changes of pul-
monary hypertension, with medial hypertrophy of pul-
monary arteries and extensive muscularization of small
pulmonary arteries and arterioles as a result of chronic
hypoxic pulmonary vasoconstriction.46

Children with congenital heart disease may be at higher
risk for developing complications of pulmonary hyperten-
sion at high altitude. An autopsy series of 280 infants
(under 1 year of age) who died of congenital heart disease
revealed 6 cases of severe pulmonary hypertensive
changes (Heath Edwards grade IV) in the pulmonary vas-
culature.48 A variety of cardiac lesions were represented in
the series, including transposition of the great vessels,
coarctation/interruption of the aorta, atrioventricular
canal, and double outlet right ventricle; common to most
cases was the presence of a ventricular septal defect and/or
patent ductus arteriosus. Although this series from
1959–1978 predates modern echocardiographic diagnosis
and early surgical intervention, similar pathophysiology
and clinical evolution may occur today in many high-
altitude areas of the world where diagnostic and treatment
facilities are remote and poorly accessible.

The nature and incidence of HAPE differ among children
resident at high altitude as compared to those who reside at
low altitude and then travel to high altitude. Among chil-
dren who reside at high-altitude, HAPE commonly occurs
as a re-entry phenomenon, that is, upon reascent to the
altitude of residence after travel to low altitude. Children
resident at high altitude have an apparently higher inci-
dence of re-entry HAPE than do adults.32,49,50 Symptoms
respond to supportive care with rest and oxygen. A variety
of empirical pharmacologic therapies have been reported

as well, most commonly diuretics and calcium channel
blockers. Children with re-entry HAPE and abnormal
cardiac examinations, ECGs, or echocardiograms, however,
may have previously unsuspected underlying abnormali-
ties, such as unilateral absence of the pulmonary artery.51

Conflicting reports exist regarding the possibility of
increased risk of SIDS among children living at high alti-
tude.39–41 The most rigorous study conducted at moderate
high altitude (500–1900 m – 1640–6234 ft) concluded that
the risk of SIDS increased gradually with increasing alti-
tude of residence.41

Adult cardiac arrest on mountains not related to acute
mountain sickness
(for cardiac arrest due to hypothermia see Chapter 57)

Cardiac arrest and sudden non-traumatic death is an epi-
demiologic problem in areas of alpine mass tourism, such
as major ski resorts or high-altitude sightseeing spots. It is
not entirely clear whether death in tourists to high eleva-
tions occurs because of natural progression of disease, or
whether the hypoxic environment triggers sudden cardiac
death. The risk of coronary heart disease at high altitude
appears to depend mainly on the population and the
amount of physical activity undertaken. Populations fre-
quenting ski resorts are different from those trekking in
Nepal, with the former more likely to in poorer health, not
very physically active, and overweight. Healthy moun-
taineers´ hearts can tolerate exertion at the utmost
hypoxia of extreme altitude (with arterial oxygen satura-
tions below 50% and oxygen extraction rates of over 80%)
without any sign of myocardial ischemia by clinical exam-
ination, echocardiography, ECG, or Swan-Ganz catheter
determinations.52–54 By contrast, individuals who died
suddenly on a mountain in Austria (mostly in areas of
mass tourism at altitudes from 1100 to 2100 m), had
known coronary heart disease with or without prior
myocardial infarction, arterial hypertension, and lack of
regular exercise as independent risk factors of sudden
death compared to controls.55 The issue of whether alti-
tude and the hypoxic environment itself (and not physical
activity) poses a risk to people with known coronary artery
disease has been discussed extensively.56

“Going up to the mountains to trek or ski is a safe under-
taking for those who believe they are able to do this”57 and
“At high altitude, physical activity is limited by dyspnea and
pulmonary gas exchange and not by the circulatory pump
or cardiac output. . .” The patient with coronary disease is
therefore more likely to die while running at sea level
than trekking at high altitude because “trekking does not
involve maximal work, but a comfortable pace that can be

1124 P. Eisenburger et al.



continued for many hours.”58 Rennie57 and Hultgren58 state
that in asymptomatic patients, there is no indication that a
stress ECG is of any help and is likely to lead to false posi-
tive results.

Downhill skiing receives little appreciation by some as
being a true sport “where the work is done by the lift, . . .
not an impressive aerobic challenge. . .”.57 Halhuber et al.
observed 434 patients during a period of rehabilitation
after myocardial infarction at altitudes of 1700 – 3200 m
over 4 weeks and found only one reinfarction59 and no
deaths in this group. They also found a very low incidence
of sudden death in alpine vacationers ( 6/151000) at mod-
erate altitudes (2 by myocardial infarction, 2 unclear, 1
mitral stenosis, and 1 myocardial infarction in the valley).59

Others argue that skiing is indeed physical work causing
coronary stress. Grover et al. used telemetric ST-segment
analysis during downhill skiing and found ST-depressions
in 5 out of 149 volunteers.60 Morgan et al. compared tread-
mill performance in nine patients with confirmed coro-
nary heart disease at 1600 and at 3100 meters without
acclimatization. They found a significantly shorter time of
exercise and a lower workload before onset of ischemia (ST
depression or angina) at high altitude.61 Two out of the nine
patients were short of breath after arrival at 3100 meters.

Irrespective of whether altitude is raising or lowering the
individual risk of coronary insufficiency, sudden cardiac
death does occur in resorts with a large tourist population,
but is rarely seen at higher elevations where only trained
and experienced mountaineers can (or should) go.
Malignant primary arrhythmias also do not appear to play
a role in sudden death on mountains.14,59–62

Peer-reviewed original publications on the incidence of
death on mountains are rare.11,63,64 Data on sudden death
on the mountains originate from various epidemiologic
settings, and the overall risk of suffering myocardial
ischemia on a mountain is hard to determine. Much of the
data presented is from research letters10,55,65–67 and even
articles in yearbooks of mountaineering clubs68–70 and
should be regarded with the necessary scientific caution.

In areas with large tourist populations, i.e., mostly skiing
resorts, sudden death accounts for about 30% of all deaths;
the other 70% are due to trauma.55,63,65,67 The totality of
cases can only be extrapolated from the different sources,
as the included causes of death or populations vary. Cases
of pulmonary embolism, intracranial hemorrhage, and
dissecting aortic aneurysms, if known, were excluded from
some analyses63 or are incorporated into the “deaths by
heart failure.”70 Most of the published data comes from
Austria. Here, approximately 8.5 million people engaged in
mountain hiking, downhill skiing, or both each year before
1993.55 In contrast, Lienhart et al. cite the presence of

1 million skiers in the year 2004 in one single resort in
Austria,64 with a maximum of 20000 persons at a time.
Burtscher gives different numbers of victims over several
overlapping time intervals, depending on the combination
of skiing (downhill or cross country), hiking, and climbing.
He reports 642 arrests in people who were skiing, hiking,
and climbing over 9 years;66 416 victims while hiking or
downhill skiing over 7 years;55 and 285 deaths during hiking
over 7 years.65 The Austrian mountain rescue association
reported 373 deaths of all causes in 200370 encompassing
any activity on a mountain, of which 112 were due to non-
traumatic sudden death (including pulmonary embolism,
stroke, myocardial ischemia, and others). The range of
victims between 1984 and 2003 was 205–373, mean 304.70

The activity before the arrest is depicted in Fig. 63.5.
Usually, alpine cardiac arrest victims appear to be

included in reports of regional emergency medical service
systems,71 but this has been debated as being inconclu-
sive.72 Breitfeld and Voelckel reported all air rescue missions
in Austria over 3 years performed by the major air rescue
provider in Austria.68 In total, rescue helicopters responded
to 98 cardiac arrests, in which 80 (82%) victims received
bystander basic life support. Automated external defibrilla-
tors for basic life support were not available to non-
physicians at that time. Standard advanced cardiac life
support was instituted after 25 � 5 min. Return of sponta-
neous circulation was achieved in 6 patients, of whom 3
died before transport. The remaining 3 (3%) reached the
hospital alive, but none survived to hospital discharge
(unpublished details68) The majority of all arrests (62%)
were observed during winter and mainly in ski resorts (75%).
In summer, at least one-third of all cardiac arrest cases
occurred close to lodges or alpine resorts. On the basis of
these data, the authors initiated a public access defibrilla-
tion programme on a glacier ski resort with 1 million visitors
per year and a maximum of 20000 guests per day. As
reported by Lienhart et al. four automated external defibril-
lators were placed at appropriate locations within the
resort. Within the following 2 years, 3 cardiac arrest victims
received bystander CPR and automated external defibrilla-
tion. Two patients survived to hospital admission, and one
was discharged in good neurological condition.64

In a setting completely different from that described
above, the Himalayas, Shlim and Houston19 report heli-
copter missions over 31/2 years for trekking (not moun-
taineering) tourists in Nepal. Among 148000 persons, 23
died and were evacuated by helicopter, and another 111
were rescued alive. Of the dead victims, none was classified
to have died from myocardial ischemia (4 causes were
unknown), and among the ones rescued alive, cardiac
problems were the chief complaint in only 6 cases. The
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study was repeated with a different methodology. Shlim
and Gallie73 found that four patients had died from heart
attacks during trekking among a total of 275950 trekkers
over 41/2 years (total number of deaths, 40: traumatic
cardiac arrest, 12; acute mountain sickness, 10; non-AMS
illness, 14, missing, 4).

Trekkers death rates (15/10000011) contrast sharply to
deaths in climbers (2900/10000074) in the Himalayas,
which are primarily due to trauma, hypothermia, and
avalanches. In the Himalayas, among the 165 non-
traumatic deaths, cardiac arrest was caused by illness (not
acute mountain sickness) in 27 cases9 (Fig. 63.6), but the
total number of autopsies was extremely rare since most
victims could not be transported home and were buried on
the spot. Therefore, it usually remains unclear why a
person suddenly collapses. The large database by Elisabeth
Hawley9 documenting all mountaineering expeditions to
Nepalese summits over 40 years relies on interviews with
climbers after their return and their description of events.
The symptoms of altitude-related illness are well known
and are distinguished from those of other illnesses.

Berghold and Schaffert from Austria assume that fulmi-
nant pulmonary embolism accounts for most non-
traumatic deaths at extreme altitude,75 although there are
no data to support this (personal communication, Franz
Berghold, 2004). Their reasoning is that extreme moun-
taineers have healthy hearts not susceptible to the injury
caused by hypoxia.54 Therefore, a possible explanation for
sudden death besides AMS, hypothermia, or trauma may
well be pulmonary embolism. It is known that climbers at

extreme altitudes have a high incidence of deep venous
thrombosis due to hyperviscosity caused by elevation in
hematocrit and dehydration76,77 and immobility77–82

when confined in a tent, constrictive clothing, and cold.14

Hypobaric hypoxia is thought by some76,83,84 to be an inde-
pendent risk factor of thrombosis through altered coagula-
bility76,80–88 while others dispute this claim.89,90

Recently, airplane travel thrombosis – where similar
pathophysiologic mechanisms apply – has been stated to
occur mainly91 or only92 in patients with predisposing
congenital coagulation abnormalities such as protein-c
deficiency.

Irrespective of the mechanism, pulmonary embolism
(PE) is found in 0.3%–57% of patients at altitude (table
from Dickinson94)93–98 supporting Berghold’s75 assump-
tion. The wide range of these data comes from different
groups of patients (6 out of 1692 patients seen at hospital
after altitude stay98 and 9 out of 40 patients presenting with
HAPE to hospital).93 In a series of seven altitude-related
deaths, pulmonary embolism was at least a contributing
factor to death in 4 patients.94 The signs and symptoms of
PE may mimic those of HAPE, but embolic disease tends to
have a more rapid onset, and pleuritic chest pain is a more
prominent feature (Table 63.2).

Stroke – both ischemic and hemorrhagic – may also be
a cause of sudden collapse and death at high and extreme
altitude. High altitude death has been found to be associ-
ated with intracranial petechiae or hematomas (table
from Dickinson94). Stroke is a problem at high alti-
tude,98–102 but as with pulmonary embolism it cannot
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clearly be stated whether the incidence is high, relatively
low, or can only be put in perspective when considering
the selection mechanism of the populations studied
where patients with cardiac or pulmonary diseases are
excluded a priori.

Cardiac arrest aboard commercial airplanes

In-flight cardiac arrest is uncommon. About 0.31–0.8
death per million passengers are reported103,104 annually.
With passenger numbers increasing exponentially over
recent decades,105 this converts into large variations in
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Table 63.2. Postmortem findings in seven trekkers who died of mountain sickness

Lungs Brain

Deep veinCase Age Pulmonary Red

No (y) thrombosis infarcts

Bronchopneumonia Edema Thrombosis Hemorrhage Edema

thrombosis

1 54 � 0 �� � 0 0 �� 0

2 38 �� �� � 0 Subarachnoid � 0 0

venous with

hemorrhage.

Petechiae

3 27 �� �� � 0 Venous with � � 0

subarachnoid

hemorrhage.

Posterior

dural venous

sinuses

4 54 �� � �� 0 0 0 � �

5 41 0 0 0 �� 0 � �� 0

6 46 0 0 � �� 0 0 �� 0

7 62 �� 0 � �� . . . . . . . . . 0

From ref. 94. Reproduced with permission.



absolute numbers. Incidence data also vary if the denom-
inator is a single airline,106,107,107b an airport,103,108–110 data
collected at the Federal Aviation Administration,105,106 or
the International Air Transport Association (IATA).104

Rodenberg describes 90 deaths over 20 years in one large
airline,106 and Lyznicki et al. found over 33 deaths on
domestic US flights over 2 years.105 O’Rourke et al. report
27 cardiac arrests on international flights in 55 overseas
airplanes for a death rate of 4.7 per million passengers on
Quantas Airlines;107 only 59% were witnessed arrests. Six
passengers had ventricular fibrillation, and 2 of these
(7.4%) survived to hospital discharge. No patient with a
non-shockable rhythm survived. Whether long flight
diversions on international flights from or to Australia
played a role is unclear. Magalhäes et al.111 report 3 fatal
arrests on 34 of Brazil´s 80 VARIG airplanes over 6 months
(passenger numbers not provided). Cummins and
Schuback report five cardiac arrests out of 14.4 million
passengers arriving at Seattle Tacoma International
Airport during 1 year. Interestingly, none of them had the
arrest during flight.108 McKim Davis and Schuriet109 report
11 cardiac arrests among travellers brought to one out of
three hospitals from Dallas/Fort Worth Airport within 1
year. Three received basic life support during flight and
one survived with neurological deficits. Speizer et al.103

report 6 cardiac arrest (all fatal) out of 8 375 000 passengers
during flights inbound to Los Angeles International
airport in a 6-month period. In total, 25 patients were hos-
pitalized for various symptoms including cardiac arrest,
but none of the patients was diagnosed with pulmonary
embolism. The fatal cardiac arrests were assumed to be of
myocardial origin. Sarvesvaran110 describes 104 deaths
that were reported to the coroner of Heathrow Airport over
3 years, of whom 61 were in-flight cardiac arrests. Eleven
of these were due to pulmonary embolism and 43 were
due to cardiac ischemia. Ten out of the 11 pulmonary
embolic deaths occurred in flights of more than 12 hours’
duration. In the group of 28 “would-be passengers” with
an arrest while still on the ground, only one had pul-
monary embolism as the cause of arrest. No patient with a
cardiac arrest was younger than 40 years, with the excep-
tion of five chronically ill patients, whose disease was their
reason of final travel. In a 10-year period with many fewer
passengers than today (1971–1980), 10-year incidence of
medical events on US domestic flights was 7789 and
deaths ranged from 21 deaths to 100 per year.106 Cummins
et al.104 depict 577 in-flight deaths reported to the IATA in
an 8-year period, with a response rate of approximately
25% of all IATA airlines, which represent approximately
50–60% of all airlines. Extrapolation of these data to
worldwide incidences is not appropriate, however,

because of the distribution of long range flights among
carriers and the resulting different incidences ranging
from zero to 59 arrests in one airline over 8 years.

It is not completely clear to what extent the hypobaric
hypoxic environment in an airplane plays a role.
Commercial aircraft set their cabin pressure at a level
that refers to an altitude of approximately 1900 m (6200 ft),
but sometimes pressure values of 2700 m (8915 ft) are
reached.112 This leads to a decrease of the inspired oxygen
partial pressure from 159 mmHg at sea level to 113 mmHg
at 9000 ft.

Considering the very low relative and absolute death rate
aboard airplanes, it appears that flying is a safe mode of
travel for the vast majority of the population. Myocardial
ischemia, massive pulmonary embolism, and cerebrovas-
cular disasters are causes of death with sudden onset. In
contrast, cancer or other chronic diseases may keep people
from flying near the end of life, leading to a selection bias
in individuals who die suddenly on airplanes.

Interestingly, there are no reports of acute mountain
sickness during flights, although this would be expected to
happen regularly. The cabin altitude is high enough for this
disease.3 As stated above, acute mountain sickness usually
develops within the first 12 hours5 (or very rarely even
sooner94), a time range that is often reached on interna-
tional flights. Whether the lack of physical activity might be
a possible explanation for this phenomenon is still to be
investigated.

Commercial air travel with infants and children

The possibility of a link between prolonged (interconti-
nental) flights and subsequent SIDS was raised in a
research article published in a major medical journal.113

Clinically healthy infants were exposed to 15% oxygen to
identify the effects on arterial oxygenation and the fre-
quency of apneic pauses. This publication aroused consid-
erable alarm, especially among families with surviving
siblings of SIDS victims, but subsequent critique of the
study design, methodology and conclusions, resulted in
consensus that such an association is unsubstantiated.
There are no reports of cardiac arrest in pediatric passen-
gers during flights in commercial airlines. Even with an
assumed strong negative publication bias, the problem
would not be a large one in absolute numbers.

Air transport of patients

Medical transport of patients may be accomplished by
rotor- or fixed-wing aircraft. Although helicopter emer-
gency medical service (HEMS) programs typically focus on
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primary rescue missions, daily interhospital transfer
flights are routine. For long distance or intercontinental
flights, patients may be transported either on board major
airlines or dedicated charter flights. Such aircraft generally
are pressurized only to an atmospheric pressure that
approximates an altitude of 1515 m (5000 ft) and the cabin
altitude may be as high as 2440 m (8000 ft) at the highest
cruising altitudes.114,115

Transport by helicopter is done in unpressurized cabins,
so that pressure inside the aircraft corresponds directly to
the flight altitude. Even in alpine rescue or transfer flights,
however, flight level typically does not exceed 3000 m.

Nevertheless, rapid ambient pressure change is a major
concern in aero-medical transport. Enclosed collections of
gas within the body can expand rapidly during normal
ascent or sudden depressurization of the aircraft. While
expansion of air in the middle ear can be acutely painful,
expansion of a pneumothorax, pneumopericardium, or
cystic adenomatoid malformation in pediatric patients
can lead to critical reductions in cardiac output and subse-
quent cardiac arrest if unrelieved. Moreover, volume
expansion of intestinal gas (i.e., in patients with acute
bowel obstruction) may cause gut distension and subse-
quently impair respiratory function. Accordingly, detec-
tion and adequate treatment of the aforementioned
pathologies (i.e., chest tube placement) prior to air trans-
port is crucial. Once the patient is on board the aircraft,
auscultation of breath sounds will be significantly com-
promised by the ambient noise and vibration during flight.
Thus, it is important to utilize comprehensive hemody-
namic monitoring and to have a high index of suspicion for
air leaks in patients who present with sudden onset of
respiratory distress, hypoxemia, bradycardia, and/or
hypotension during transport. For transfer flights of intu-
bated and mechanically ventilated patients, a regular
check of tube position, bilateral ventilation, tube patency,
equipment (oxygen supply pressure), and stomach disten-
sion is mandatory. The cuff of the tracheal tube should be
evaluated at different altitudes, as the air inside the cuff
expands when the aircraft or helicopter gains altitude
(2000 feet or more) and inadvertent high cuff pressures
may cause mucosal damage in the trachea.116 If the patient
is intubated on the mountain and flown to the valley, the
cuff is compressed and needs to be refilled. Alternatively, as
in the hyperbaric chamber treatment for diving accidents,
the cuff may be inflated with water or saline.

When a patient is treated with a transport ventilator, at
high altitude with lower barometric ambient pressure, the
ventilator delivers more volume per minute to the patient
(approximately 15% more minute volume at 2000 m117 or
3000 m118 when compared with volumes at sea level).

Monitoring of the given ventilation volume is therefore
warranted during all kinds of patient transport.

Prior to air transport, patients with impaired cardiopul-
monary function must be stabilized appropriately, and
supplemental oxygen should be administered routinely in
order to maintain adequate oxygenation during transport.
If patients are at risk for malignant arrhythmias, an option
for defibrillation during flight is given. Although transtho-
racic defibrillation with hand-held paddles is not likely to
interfere with the helicopter’s flight safety, self-adhesive
electrodes are advantageous, and these electrodes should
be attached prior to flight.

Austrian air rescue responds to 15000 rescue missions
per year, and about 3% are for cardiac arrest patients.
Therefore, air rescue crews must be familiar with current
CPR guidelines, and even more important, must be able to
perform CPR in remote locations, difficult terrain, and
during flight. Even though the quality of chest compres-
sions is limited during transport (ground and air), ongoing
cardiac massage during flight is justified under certain cir-
cumstances such as severe hypothermia. The cabin space
of modern EMS helicopter allows performance of pro-
longed chest compressions even during flight, but air
rescue teams must be familiar with the management of
cardiac arrest patients during flight. An adjusted in-cabin
advanced life support training should be part of ongoing
educational programs for the entire air rescue crew.

Treatment of high altitude cardiac arrest

In those areas and altitudes where emergency medical ser-
vices are available in acceptable time ranges, especially
in resorts with large tourist populations, myocardial
ischemia can be assumed to be the leading cause of death,
although other causes of sudden death, i.e., pulmonary
embolism, CNS events, and other cardiac and respiratory
conditions should also be considered. Accordingly, stan-
dard advanced cardiac life support should be instituted by
rescuers. Programmes for public access defibrillation64

should be encouraged. Use of thrombolytics for specific
etiologies should follow standard recommendations (See
Chapter 41).

For individuals with cardiac arrests in remote areas
(wilderness, airplanes, and others), use of expensive and
possibly dangerous regimens must be counterbalanced
and should not put rescue crew members at inappropriate
risk. On mountains, response intervals will be far too long
to make resuscitation success likely.11 There are reports of
response times for helicopter evacuation of 24 hours. Even
when response times are moderate in wilderness loca-
tions, outcomes are exceedingly poor.68 Nonetheless, there
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are a few special circumstances (such as severe altitude
illness) in both major tourist resort areas and in remote
locations that may require adjustments to usual treatment
regimens.

Cardiac arrest management in patients with altitude
illness

If a patient is known to be affected by acute mountain sick-
ness and develops cardiac arrest (not suddenly but usually
after hours to days), treatment may be different from stan-
dard ACLS. Because of the pathophysiologic mechanisms
described above, the aim of treatment must be to lower the
pulmonary vascular resistance for HAPE patients, as
oxygen alone may not be sufficient,119 and to lower
intracranial pressure in HACE patients. No prospective
studies have been performed on these rare entities (one
death per year in the Himalayas11), and there are no case
reports with precise descriptions of ACLS except in non-
medical mountaineering literature (e.g., J. Krakauer – Into
Thin Air). Since literature is limited, it is noteworthy that
the following treatment proposal is entirely speculative
and is not supported by sound scientific data.

Oxygen is a mainstay of treatment for altitude illness.
Rescue personnel should air-drop oxygen supplies if
immediate evacuation to lower altitudes will be delayed.
High-flow rates of oxygen (10–12 l/min) by mask should be
delivered initially to victims with severe HAPE until
improvement is seen. Lower flow rates may then be used
until recovery or descent is completed. This may take days
to weeks, as oxygen alone does not completely solve the
problem of pulmonary vasoconstriction.119 Delivering
oxygen with a continuous positive airway pressure mask
improves oxygenation in HAPE victims compared with
normal oxygen delivery.120

Patients with severely altered levels of consciousness
require intubation for airway management and hyperven-
tilation to control elevated intracranial pressures, although
at moderate and extreme altitude, patients are already
spontaneously hyperventilating and hypocapneic.

When a patient is ventilated with supplemental oxygen
(via bag valve mask or endotracheal tube), the ventilation
volume per minute is not a clear target. Some degree of
hyperventilation appears to be desirable in a patient with
cardiac arrest from HACE and suspected elevated intracra-
nial pressures. In this regard, the rescuers must be aware
that spontaneous hyperventilation and subsequently low
arterial PCO2 values are part of the physiologic adaptation
to high altitude (PCO2 values as low as 7.5 mmHg have
been observed on the summit of Mount Everest without
any cerebral damage121). Accordingly, despite improved

oxygenation after initiation of artificial ventilation, reduc-
tion of minute ventilation might be harmful.

Anecdotal reports of the successful treatment of HACE in
hyperbaric chambers exist. Coma may persist for several
days after descent to lower altitudes, so placement of HACE
patients in a hyperbaric device may only delay the more
comprehensive care available in the hospital setting. If
immediate descent is impossible, portable hyperbaric
therapy may be life-saving. Early treatment for HACE gen-
erally results in good outcomes, but after coma occurs,
mortality exceeds 60%.122

Death is usually due to cerebral edema and herniation,
and sometimes from antemortem cerebral infarcts from
the high intracranial pressure and decreased cerebral
blood flow. In addition, the clinician should be careful not
to make the patient ischemic secondary to overventilation.
If the patient appears to be herniating then hyperventila-
tion appears advisable.

If HAPE is recognized early and treated properly, cardiac
arrest and death usually can be avoided. Descent to a lower
altitude, bed rest, and supplemental oxygen are the most
effective methods of therapy;22 portable hyperbaric cham-
bers123,124 generating 103 mmHg (2 psi) above the ambient
pressure thereby simulating descent are a valuable substi-
tute if oxygen is not available. Because of the nature and
construction of these devices, it is not possible to perform
CPR while the patient is in the portable chamber.

Supplemental oxygen administration addresses the
primary insult of high-altitude exposure and corrects
hypoxemia. Delaying descent while HAPE progresses or
waiting for rescue personnel to initiate evacuation has
proven fatal. Descents of 1500 to 3000 feet should be ade-
quate to begin the recovery phase.

The evaluation of drug therapy in treating HAPE has
been limited. There are no reports of modifications of stan-
dard ACLS drugs in patients with HAPE who have cardiac
arrest. In addition to standard ACLS drugs, agents that
lower pulmonary artery pressure, pulmonary blood
volume, and pulmonary vascular resistance would intu-
itively be useful. Furosemide is beneficial in treating HAPE
and, when combined with morphine for the initial dose,
results in even greater diuresis and clinical improvement.
Some authors caution that deleterious dehydration may
result from furosemide therapy and that the potential ven-
tilatory depression caused by morphine can further
increase the severity of the hypoxemia that underlies
AMS.22 Others argue that, during the state of antidiuresis
found with severe AMS, furosemide may be useful and that
no documented reports of deleterious effects from this
treatment exist. Furosemide may also be useful in settings
where both oxygen therapy and descent are not available;
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however, caution must be exercised because of limited
experience. Its application in altitude-related cardiac
arrest is unclear and without scientific evidence of success.

As used in the treatment of AMS before cardiac arrest,
dexamethasone (8 mg parenterally, followed by 4 mg every
6 hours) is likely to result in more benefit than harm.

This is less clear with nifedipine: usually, ACLS aims at
raising systemic and coronary blood pressure, and treat-
ment with intravenous boluses of nifedipine can be
expected to do the opposite. But, because of its action as a
pulmonary vasodilator, nifedipine has been used to treat
HAPE prior to cardiac arrest with good results.26,27,125

Nifedipine does not improve pulmonary hemodynamics
as effectively as oxygen and does not have an additive
effect when administered with oxygen.26 Therefore, intu-
itively it does not appear to be beneficial in a patient during
ACLS who is intubated and receiving 100% oxygen.

Cardiac arrest from chronic pulmonary artery hyperten-
sion (not related to altitude) has been treated with bolus
injections of 50 µg of iloprost, a prostacyclin analogue,126

but this was not a randomized controlled trial. Of 513
patients with cardiac arrest, 8 survived with no neurologi-
cal deficit; 7 of these patients had correctable causes of car-
diopulmonary arrest, such as vasovagal reactions, digitalis
toxicity, or pericardial tamponade. In 3 of the 8 survivors,
iloprost had been used, but in many of the unsuccessful
attempts it was used it was not reported.

Recent studies have shown the effectiveness of the phos-
phodiesterase type 5 inhibitors on the pulmonary vaso-
constriction associated with HAPE in human and animal
studies. Sildenafil has been used successfully for lowering
pulmonary vascular resistance when given 100 mg orally in
healthy volunteers,127 or 1 mg/kg in children with congen-
ital heart disease (without altitude-related problems).128 In
a small study of 6 patients it has been shown to lower pul-
monary arterial pressure if taken orally (40 mg 3 times per
day) beginning several hours after arrival at altitude of
4350 m.129 As both a preventive and non-preventive treat-
ment strategy, sildenafil lowered pulmonary artery pres-
sure in rats at doses of 25 and 75 mg kg–1 per d.130 Because
of its potential to cause severe hypotension, however, it
should be used with caution in patients in extremis.

Bosentan, an endothelin antagonist, has been discribed
in long-term use for treating children with pulmonary
hypertension and HAPE due to congenital heart disease,51

but not for acute treatment of HAPE. Other treatment
options used for pulmonary hypertension131 have not been
studied in HAPE.

Beta-2 agonists such as salmeterol have been applied in
the prevention of HAPE with a reduction from 74 to 33% in
susceptible persons going to 4559 m within 22 hours,132 but

again, this was not a treatment for acutely decompensating,
overt HAPE. If available, in-line beta-agonists may be
attempted for the ventilated patient during resuscitation.

With respect to treatment of HACE, anecdotal reports
support steroid therapy, which resulted in recovery
without neurological deficits in some patients. The initial
dose of dexamethasone is 8 mg parenterally, followed by
4 mg every 6 hours.

Diuretics (e.g., furosemide) and hypertonic solutions (e.g.,
mannitol) have been used to decrease intracranial pressure.
Many patients with HACE are already volume-depleted from
poor fluid intake and loss of fluid through hyperventilation,
and care must be taken to ensure adequate intravascular
volumes if a diuretic agent is used. Acetazolamide is a car-
bonic anhydrase inhibitor that induces a renal bicarbonate
diuresis causing a metabolic acidosis, thereby increasing
ventilation and arterial oxygenation. This drug also lowers
CSF volume and pressure, which may play an additional role
in its therapeutic and prophylactic use. The use of acetazo-
lamide parenterally in cardiac arrest has never been
reported but with other drugs used for lowering intracere-
bral pressures, an IV bolus of 250–375 mg, may be beneficial.

Between one-half and two-thirds of arrests on moun-
tains are caused by trauma.9,11,55,70,73 The prognosis of these
patients, which is very serious in urban settings, is disas-
trous in the wilderness. If patients are found by rescuers
without a pulse, resuscitation is virtually futile (see chapter
57 for traumatic arrest).133 Since trauma represents the
largest group, the suggested strategy of preventive antico-
agulation treatment anticipating salvageable victims of
sudden death by myocardial ischemia or pulmonary
embolism does not appear to be of value.134

In conclusion, the key to success in AMS-related cardiac
arrest lies in prevention, early diagnosis, early therapy with
descent and oxygen with positive endexpiratory pressure
(PEEP), acetazolamide, and dexamethasone. Once asphyx-
ial cardiac arrest has occurred, treatment is unclear and
survival is unlikely.
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Today, human-made and natural sources together kill
about 1100 to 1200 people each year in the United States.1,2

The number of people injured worldwide by electricity,
however, remains unclear, because it is generally under-
reported and it is common for survivors to avoid medical
care initially. Although scientific investigations of electrical
injuries date back to 1884, with current scientific knowl-
edge and the clinical appearance of electrical injuries, we
now know that the outcomes of electrical injuries differ
substantially, depending on whether technical electricity
with low-volt household current, high-volt current, or
lightning is the underlying cause.

Injuries after electrocution are often dramatic and poten-
tially fatal. In the majority of victims injuries are caused by
the effects of electrical, thermal, and mechanical energy.
Secondary trauma may result from falls, explosions, or
violent muscle contractions.3 Cardiac and respiratory arrest
may occur immediately or secondary to direct effects of
current.4 Many victims die before advanced life support can
be provided, and survivors may suffer permanent disabili-
ties.5 What is unique about electrical injuries, however, is the
potential for good resuscitation outcome even after long
arrest times.4,6 This may be a result of the electrical shock
itself or because these accidents tend to occur in younger
persons with few or no underlying pathological conditions.

Considering the magnitude of the voltage and current
involved, it is amazing that anyone survives an encounter
with a bolt of lightning. Lightning can cause harm by elec-
trical energy (e.g., direct hit, side splash, upward streamer,
ground strike, conducted current, step voltage) and can
cause trauma (e.g., heat, explosion, fall).7 Circulatory arrest
due to asystole or after prolonged respiratory arrest,
hypoxia and acidosis can be expected in about one-third of

patients.4 Lightning-associated injuries such as burns,
fractures, mechanical injury to internal organs, or hemor-
rhage are contributing factors.8,9 Contrary to general
opinion, victims of lightning strike have a good prognosis
if appropriate cardiopulmonary resuscitation is instituted
without delay.10

Epidemiology

Technical electricity

Human-generated technical electricity causes about 5000
non-fatal injuries per year and accounts for about 5% of
all admissions to burn centers in the United States.
Electric shock is associated with a mortality rate of 0.5 to
2.5 per 100 000 persons/year.2 Because of a lack of reliable
reporting services and data recording, the incidence may
be much higher and may vary considerably in different
countries. There is thus a need for a comprehensive
worldwide epidemiological survey of current-induced
casualties. Up to 70% of electrical deaths from high-volt
current are related to occupation (Table 64.1).11–13

Electrocution-related deaths predominate in young
males, comprising 7.5% of all lethal occupational acci-
dents in the United States.12 Approximately three-quar-
ters of deaths occur in electrical and construction workers
and result from direct contact with power lines. Most
cases of high-voltage injury occur in linemen and con-
struction workers, but they also occur in adventurous
persons, usually juvenile males, who climb trees or poles
near electricity lines.14 Late mortality in those who survive
initial injuries is mostly due to septicemia, pneumonia,
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and renal failure.15,16 Electrocution has been reported as a
method of suicide and is still practiced as a means of
torture and capital punishment in some countries.17–19

About 60% to 70% of electrical injuries are due to low-
voltage current, which accounts for one-half of deaths from
electricity and up to 1% of accidental household deaths.16

More than 20% of all electrical injuries occur in children.20

Household low-voltage electrical injuries are more fre-
quently observed in pre-school children and toddlers,15,21,22

while high-voltage exposures are more common in those
over 12 years old.23

Electrocution during pregnancy entails high risks for fetal
health because the fetus is exquisitely sensitive to electrical
shock.24 Spontaneous abortions after electrical injury and
injury from electric-shock weapons have been reported.25,26

The path of electricity in electrical cardioversion, however,
does not include the uterus and this procedure has been
applied safely in all trimesters of pregnancy.27

Lightning

Although the majority of persons struck by lightning are
merely stunned and may have transient difficulty moving,
lightning-related injuries account for several thousand
deaths worldwide each year.11,28 The overall yearly inci-
dence rate of reported cases ranges from 0.09 to 0.12 per
100 000, with case fatality rate up to 30%.29,30 Eighty-five
percent of all people killed by lightning in the United States
are male, with a median age of 26 years (Table 65.1). One-
third of all lightning strike-related deaths occur in relation
to the victim’s occupation.2,31 The time of injury reaches
a peak from 16:00 to 18:00 hours, and most casualties
occur between May and September.28,29,32 Approximately
one-third of victims killed were injured on the job.33

Three-quarters of survivors sustain significant permanent
sequelae. Most of these epidemiological data are represen-

tative for the USA; the incidence in other countries may
differ owing to different exposure rates and data recording.

Prevention

Technical electricity

Both natural and technical electrocution are avoidable
problems. Better understanding of the epidemiology of
electrical cardiac arrest may result in improved education
and product safety. The public should be made more aware
of risk factors for electrical shocks. Risky behavior and
misuse, e.g., climbing of utility poles, tampering with elec-
trical installations and equipment by unqualified persons,
lack of residual current breakers, and improper handling of
electrical equipment, must be avoided.5,34

Household current in the United States is 120 volts,
whereas many other countries use 220 volts. Although
high-voltage electricity is more lethal than low-voltage
electricity, most electrical injuries result from standard
household and business appliances and the power lines
that supply them. High-voltage current, defined as a
voltage exceeding 1000 volts, commonly results in severe
burns and deep tissue damage. Depending on humidity
and electrical conduction of surrounding air, as well as the
magnitude of voltage and amperage, arcing current may
occur within a certain proximity to the high-voltage
source. To avoid harm by step voltage from ground current,
rescuers are advised to keep a minimum distance of
10 meters unless the power line has been switched off by
expert personnel and is visibly grounded.

When an electrical appliance catches fire, it should be
unplugged or turned off from the current fuse box. Only a
class C fire extinguisher is adequate, in no case should
water be used to extinguish fires.
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Table 64.1. Epidemiology of low volt and high volt technical electricity and lightning associated injuries

Technical electricity

Characteristic Low volt High volt Lightning

Incidence ( /100 000/yr) Approx. 70 Approx. 0.09–0.12

Fatality rate Approx 3% Up to 30% 10% to 30%

Sex preponderance Male Male (� 85%) Male (� 85%)

Age of greatest risk Children 20 to 29 yr 20–29 yr

Time of day Daytime Working hours 4 to 6 PM

Season Any Summer Summer

At occupation up to 70% up to 33%

Activity Playing, household Linepersons, electricians Farmers, golfers



Household electrical cords are the major electrocution
hazard in children younger than 12 years.23 Oral contact
with electrical cords or placing objects in a cord socket are
frequent causes of injury in toddlers.35 Water may contribute
to electrocution in up to half of all fatalities, and electric
sources in bathrooms remain a constant problem, in partic-
ular when house wiring is faulty.36 After use, electrical appli-
ances should be unplugged and kept out of the reach of
small children. Use of electrical safety switches, plug covers,
circuit breakers, and immersion detectors should become
standard practice in private homes and elsewhere.21

All electrical equipment on a construction site must
comply with the prescribed standards and be maintained
by trained and qualified personnel only. Safety equip-
ment, including portable residual current protective
devices, use of adequate protective clothing, ground-fault
protection on construction sites and at work places, and
compliance with established procedures are mandatory.13

Preventive measures taken by professional associations
have reported successful reduction of the frequency of
electrical arc accidents.37 Electrical safety training should
be compulsory for utility and construction workers, and
any employees handling electrical equipment. Training
should include salvage and self-rescue by disconnection
of the power line or intentionally dropping to the ground.
A health safety program to provide guidance for safe prac-
tice is mandatory.12,13

Lightning

Information on lightning prevention is based on experi-
mental findings and empirical data from single fatalities.
With respect to evidence-based medicine, we lack ran-
domized study findings to prove the various precautions
related to lightning. As lightning is related to conduction
between negative and positive electric charges, it may
occur within a 15-kilometer radius of the thunderstorm.
Threat of lightning injury may occur before the beginning
of the storm and continue even when the storm has
passed. Occasionally lighting may even strike out of the
blue sky.38 Therefore, people are urged to pay attention
to local weather forecasts before undertaking outdoor
activities. Lightning-associated injuries most commonly
reported from open fields, at swimming pools, and in
tents. Accidents are related to work, e.g., on or near docks
and during leisure time activities in the open. On the
surface below a thunderhead (cumulonimbus), ground
charges accumulate on tall objects including telephone
poles, electricity poles, and isolated trees and increase the
chance of these being hit by a lightning bolt. Taking shelter
close to metal pipes, rails, and other metallic paths that

can transmit lightning energy from a nearby strike must be
avoided.2,31,32 People should stop outdoor activities, espe-
cially swimming, diving, or boating whenever a thunder-
storm appears imminent; if persons are caught outdoors
in a lightning storm, and feel as if their hair is standing on
end or their skin is prickling, they are advised to keep low,
squat down, put their feet together, and cover their ears.
This is recommended to counteract injuries caused by
ground current and shock wave. Proximity to other people
of less than 10 m should be avoided.

Although no place in a thunderstorm is absolutely safe,
large enclosed structures such as buildings or fully closed
and hard-topped metal vehicles provide good shelter
from lightning threat. Indoors, people should stay away
from doors and windows and avoid elevated locations
such as rooftops. Rooms that have excess plumbing, such
as kitchens and bathrooms, should be avoided until the
storm has passed. In particular, using the telephone,
taking a shower, or any contact with conductive surfaces
with exposure to the outside should be avoided.39 About
10% of lightning injuries occur during transport.40

Whereas lightning remains a potential risk to aircraft pas-
sengers, modern airplanes are well equipped to reduce
the dangers from accidents due to lightning. Moreover,
lightning detection systems help trace early stages of
incipient thunderstorms.

Pathophysiology

Technical electricity

Experimental knowledge about the effects of electricity on
humans indicates that current flow is directly proportional
to tissue damage and systemic effects. Severity of electrical
trauma, however, cannot be concluded solely from an elec-
trophysical point of view, e.g., the amperage, voltage, type,
duration, and pathway of the electric current.3,14,41,42 Tissue
damage results from conversion of electric energy to heat,
on the one hand, and from the direct effect of current on
cell membranes and vascular smooth muscle, on the other
hand. After brief exposure to potential gradients it is cell
membranes that are mainly impaired. Cellular damage
results in increased cell permeability, leading to ion
leakage, escape of metabolites, cellular edema, and irre-
versible cellular damage. Leakage of ions leads to an
osmotic imbalance which in turn causes a colloidal hemol-
ysis of the red cells. In addition, electrolysis of the blood
may cause embolism by formation of gas bubbles and
thrombosis. Permeabilization of cell membranes and
direct electroconformational denaturation of proteins
contributes to further tissue damage.43,44 Injured tissue
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may be salvageable as long as membrane permeabilization
is the primary pathologic condition. Severity of injury is
closely related to the magnitude of current passing through
the tissues when current is high and exposure time is
long.34 When contact time is long, secondary damage from
joule heating can directly affect the whole cell.

Furthermore, the extent of injury depends on the nature
of the tissues. Bone and skin are most resistant to the
passage of electric current, whereas muscle, blood vessels,
and nerves conduct with least resistance. Resistance to
current flow varies according to the tissue fluid and elec-
trolyte content and the duration of exposure. In addition,
surface moisture, sweat, and ointments reduce the imped-
iment to current flow. In general, the skin of babies and
children offers lower dermal resistance. Fetal skin is
approximately 200 times less resistant to current flow than
is postnatal skin. Further, the hyperemic pregnant uterus
and amniotic fluid are excellent conductors of electricity.
Together this explains why up to 70% of fetuses die, even if
the mother survives an electrical injury.24

The area of the contact point and exposure time are
important, because it is the amount of energy per unit
tissue that determines the extent of injury. A small area of
contact usually concentrates electrical energy and leads to
serious damage of the skin and underlying tissue, whereas
the same current may not cause any visible external
damage if applied over a wide surface area. The low cross-
sectional area of extremities increases current density.

Alternating current (AC) at 50 to 60 cycles per second is
extremely dangerous at even low amperage levels, particu-
larly with prolonged exposure time. The likelihood of ven-
tricular fibrillation increases once exposure continues for
a complete cardiac cycle.25 The heart and diaphragm are
most susceptible to frequencies at 50 to 60 hertz; hence
respiratory and cardiac arrest are more likely when the
current passes directly through the trunk, compared with a
straddle or vertical path.45,46 There is clinical evidence that

hand-to-hand (transthoracic) pathways are the most lethal
followed by head-to-foot (vertical) pathways. Leg-to-leg
pathways may result from ground charge that induces a
potential difference between the victim’s legs. In compari-
son, direct current (DC) is generally tolerated at much
higher strengths (Table 64.2). Electrocardiogram (ECG)
changes and positive MB fraction of creatine phosphoki-
nase (CK-MB) are attributed to the direct effect of current
and coronary spasms, which cause patchy damage
throughout the myocardium.47 Although uncommon, true
Q wave infarctions have been reported after electrical
injury.48 Finally, conduction disturbances as well as severe
dysrhythmias are common after electrical shock, although
more benign rhythm disturbances such as atrial fibrilla-
tion and sinus tachycardia have been reported as well.49

Several mechanisms appear to underlie the ability of
technical electricity to precipitate sudden death: (a)
myocardial cell damage from the overwhelming inotropic
stimulus; (b) direct electrical alteration of cell membrane
potential; (c) released catecholamines; and (d) tissue
hypoxia from concurrent apnea. In general, the rhythm on
presentation is the worst rhythm; however, there are some
reports of life-threatening ventricular arrhythmias occur-
ring up to 12 hours after technical electrocution.50 Victims
often develop hypovolemia and metabolic acidosis sec-
ondary to extensive fluid losses from cutaneous and deep
tissue damage.

Lightning

Lightning is a transfer of electrical charge within a cloud,
between clouds, or between the ground and clouds. Rising
air within a thundercloud carries positive charges to the
top and leaves negative charges at the bottom layer of the
cloud. The electrical potential forces an invisible conduc-
tive path between negative charges from the cloud to the
positively charged earth and a return charge from the
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Table 64.2. Expected physiological response in relation to amperage (A) by direct current (DC) and alternating current
(AC)

Amperage (A)

Grade DC AC Physiologic response

I 
 0.08 0.001 to 0.004 Unpleasant, tingling sensation

0.01 to 0.02 Tetanic skeletal muscle contractions

II 0.08 to 0.3 0.03 to 0.05 Thoracic muscle tetany, respiratory arrest

0.05 to 0.08 Brady/tachyarrhythmia, atrial fibrillation

III 0.3 to 8 0.08 to 8 Ventricular fibrillation

IV � 8 � 8 Thermal damage, ventricular fibrillation or asystole



earth to the cloud. Contact of charges is followed by a
visible surge of electricity. As air is a poor conductor of
electricity even when humidity is high, discharge of elec-
trical energy will not occur until a potential difference of
30000 volts or higher exceeds the inherent resistance of
the air.

Once at the surface, lightning can harm people in
various ways. A direct strike is the most dangerous type and
occurs when the primary contact point is on the victim’s
body. A splash strike is the most common and occurs when
an object such as a tree or car is struck primarily, before the
strike enters a person. A ground strike can harm the victim
when the lightning bolt has struck the ground and the
spreading current makes contact through the feet. Rapid
heating of air and explosive expansion of atmospheric
gases of the surrounding air create shock waves with the
typical “sledgehammer effect” of lightning.28,51

The direct current lightning strike differs from the more
common alternating current electrocution in several
ways (Table 64.3). A single lightning bolt can transfer up
to 1 billion volts with 200 000 amperes of current. Because
of the short duration of approximately 0.0001 to 0.003
second, the resistance of the skin is protective and a rela-
tively small amount of energy is delivered.28 In addition,
high current tends to travel along the outside of a con-
ductor. Sweat, rainwater and metallic materials in the
victim’s dress contribute to increased peripheral conduc-
tivity. Burns may occur from heated metal objects close to
the skin and clothing. The superficial current pathway
often resembles a skin flashover, leaving a typically fern
leaf-patterned superficial sign. Internal current flow
leading to deep tissue necrosis is uncommon and fluid
requirements are usually low.28 Reported blunt injuries
include myocardial, pulmonary, and abdominal visceral
contusion, tympanic membrane rupture, and orthopedic
injury.

Clinical manifestations

Victims of electrical shock can sustain a wide variety of
injuries, ranging from a transient unpleasant sensation to
cardiac arrest. Respiratory arrest may be caused by electric
current passing through the brain, by tetanic contraction
during exposure, and by prolonged paralysis of respiratory
muscles. The electrically injured patient often presents
with multisystem injury, either directly related to the elec-
trical shock or secondary to concurrent trauma.9 Such
injuries include burns, fractures, dislocations, contusions,
hemorrhage, visceral injury and neurological injury. Thus,
the clinician who evaluates a victim of electrical injury
must be highly suspicious of secondary injuries.

Technical electricity

Clinical signs and symptoms after electrical injury to the
heart can be atypical, delayed in onset, or obscured by
other trauma.50 The physiological response varies depend-
ing on magnitude of amperage and whether current was
direct or alternating (Table 65.2). Alternating current at low
voltage is frequently associated with arrhythmias, varying
from ectopic beats, atrial fibrillation, sinus tachycardia or
bradycardia, to ventricular fibrillation and asystole.52 The
underlying cause of cardiac arrhythmia may be direct
damage to the myocardial cell, hypoxia secondary to
central respiratory arrest, or extensive catecholamine
release. Myocardial damage can be caused directly by the
current and the heat it produces and indirectly by
decreased perfusion secondary to coronary artery spasm
or unstable arrhythmias.53

High-voltage electric shocks are prone to provoke asys-
tole, but non-specific changes in ECG, including prolonga-
tion of the corrected QT interval, transient ST segment
inversion or elevation, are observed in up to half of all
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Table 64.3. Differences between low-volt and high-volt technical electricity and lightning regarding voltage, amperage,
duration, common tissue pathway, and injury type

Technical electricity

Characteristic Low-volt High-volt Lightning

Type of current Alternating (AC) Alternating (AC)

Direct (DC) Electrical impulse

Voltage (V) 
 1000 V 1000 to 380 000 V up to 1 billion V

Amperage (A) 10 to 15 A up to 1000 A � 200 000 A

Duration (s) Variable Variable 0.0001 to 0.001 s

Tissue pathway Superficial tissue Deep tissue Skin flashover

Injury type Cardiac rhythm Burn, shock Trauma: blunt, thermal, explosive



patients.54,55 CK-MB levels may be elevated, but myocar-
dial necrosis is rarely diagnosed.22,56 In non-survivors,
however, histopathologic investigation of the heart may
reveal widespread focal necrosis involving the entire
myocardium, including the specialized tissue of the sinus
and atrioventricular nodes.57

Relatively low levels of current across the chest are
enough to cause tetanic spasm of the respiratory muscles.
Current passing through the brain can directly damage the
medullary respiratory center.43 Consequent respiratory
arrest may resolve spontaneously or lead to secondary
cardiac arrest due to asphyxia.54 Cases of pulmonary
edema and respiratory distress syndrome have been
reported after electrocution.58

Transient damage to the nervous system occurs in up to
70% of electrical injuries. Neurological deficits include
coma, seizure, blindness, deafness, and aphasia.59 Delayed
and persistent neuropathy is common. High-voltage elec-
trical injury may cause cerebral vein thrombosis with signif-
icant early and delayed brain and spinal cord injury. Spinal
involvement indicated by ascending paralysis, spastic para-
plegia and associated sensory loss has been reported.
Patients may suffer from emotional lability, anxiety reac-
tions, loss of appetite and libido, sleep disorders, depres-
sion, post-traumatic stress disorder, and psychosis.10,34,60

Musculoskeletal and cutaneous injuries dominate the
clinical picture. Low-voltage current, especially alternating
current, can lead to sustained muscular contractions and
subsequent fracture of adjacent bones or dislocation of
affected joints. Severe burn injuries are frequently compli-
cated by damaged deep tissues.61 Extensive myonecrosis,
compartment syndrome, thrombosis, may be associated
with cyanotic and pulseless limbs. Early radical fasciotomy
and debridement may allow better salvage rates of func-
tional limbs and a reduction in systemic effects such as
hypotension, infection and sepsis.5,14,62 Amputation of one
or more limbs may be indicated.63 Massive tissue necrosis
leading to rhabdomyolysis and myoglobinuria may cause
acute tubular necrosis. Consequent renal shutdown is
more likely after volume depletion and prolonged shock.64

Lightning

No large series of cases treated by one institution is avail-
able to provide sufficient information on the variety of clin-
ical features in lightning victims. There are, however, a few
characteristics that appear to be pathognomonic for light-
ning.65 Factors that tend to be in the victim’s favor are the
very short duration of a lightning strike and because
the favored pathway for a majority of the current is along
the skin on the outside of the body. There are reports of

prolonged, successful cardiopulmonary resuscitation in
lightning victims who initially had non-responding cardiac
dysrhythmias.6,10

Changes in heart rhythm are common, but generally
resolve. A direct hit may cause myocardial damage,
pericardial effusion, conduction disturbances, or dys-
rhythmia.7 The entire myocardium is simultaneously
depolarized, and the heart is thrown into a forceful, sus-
tained contraction until current flow ends. In many cases,
cardiac automaticity inherent in the myocardium may
restore an organized rhythm with spontaneous circulation.
Secondary cardiac impairment can occur due to release of
catecholamine or autonomic stimulation. ECG may reveal
non-specific changes; only direct hits result in a prolonged
QT interval or abnormalities revealed by echocardiogra-
phy. Severely decreased left and right ventricular ejection
fraction has been observed, but can be reversible.

Respiratory arrest due to paralysis of the medullary res-
piratory centers is common. It can outlast the duration of
the cardiac arrest and may lead to secondary hypoxic
cardiac arrest.4,30 Contusion of the lungs can occur with
pneumothorax or hemothorax. Bronchospasm and pul-
monary edema after lightning strike have been reported.66

The low resistance of nervous tissue explains its
increased vulnerability in lightning strike. Neurological
findings vary from short-term loss of consciousness and
transient paralysis to coma, seizure, increased intracranial
pressure, or even intracranial hemorrhage.67 Neurological
deficits may present as blindness, deafness, and aphasia.
Sequelae, e.g., confusion, amnesia, agitation, mood distur-
bance, sleep disturbance, anxiety attacks, fear, pain syn-
dromes, major depression, and frank psychosis have been
reported in victims of lightning strike.68

Blunt trauma may be caused by the shock wave pro-
duced by lightning. Muscle contractions caused by the
current may result in fractures and dislocations.28,68 Limb
paralysis with sensory symptoms, pallor, coolness, and
absent pulses may occur from intense vasospasm (ker-
aunoparalysis) due to autonomic nervous system dysfunc-
tion. Initially cyanotic and pulseless limbs, however, are
prone to revert spontaneously to normal. Delay of fas-
ciotomy for several hours is reasonable.

The gastrointestinal tract can be afflicted with ileus, con-
tusion, or perforation, and the kidneys are susceptible to
decreased clearance compounded with a myoglobin load
from muscle breakdown.

In victims of lightning strike, burns of any degree can
injure the skin, but the extremely short flashover, extensive
burns and tissue destruction are uncommon.69 The external
path of the direct current may show an arborizing or fern
leaf pattern. Ruptured tympanic membranes from shock
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waves and damage to cornea or retina are common in light-
ning victims. Cataracts can occur from a few days to several
months after the lightning strike.

Clinical case reports suggest that resuscitation may be
successful in victims of lightning strike, even when the
interval between arrest and therapy is prolonged and
refractory rhythms (e.g., asystole) are present.70 To explain
this observation, it was hypothesized that lightning causes
cellular metabolism to cease temporarily, thereby delay-
ing the onset of anoxic tissue damage and reducing the
potential for irreversible cardiac and cerebral injury. No
basic or clinical scientific data are available to validate this
assumption.

Resuscitation

Cardiac arrests induced by both natural and technical
electricity require special treatment and management of
current-induced casualties differs according to whether
their injuries are caused by low-voltage, high-voltage, or
lightning (Table 65.4). Generally the degree of cardiac
and neurological malfunction after primary successful

resuscitation correlates with duration of cardiac arrest
time.71 Special treatment recommendations for lightning
and electrical injuries have been based on case reports
rather than laboratory and clinical investigations. There
are reports supporting the thesis that in victims of electri-
cal injury, resuscitation may be effective even after a pro-
longed interval between the electrical injury and the
resuscitative attempt.4,6 Because the victims are often
young and have no co-morbid diseases, reports that good
outcomes may occur after long arrest times are com-
pelling reasons to sustain resuscitation efforts.

Emergency call and response

Information about the likely number of victims and the
type of injury must be provided immediately to the dis-
patch center to ensure early EMS arrival on the scene. If
expert personnel are needed in the case of high-voltage
accidents it must be recognized early. Furthermore, the
dispatch center can give CPR instructions. During a thun-
derstorm calls by conventional telephone should be kept
as short as possible, and only wireless calls by cell phone or
radio are regarded as safe.38 The person calling must stay
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Table 64.4. Distinctions in sequence of resuscitation between low volt, high volt and lightning associated injuries

Technical electricity

Characteristic Low-volt High-volt Lightning

Emergency call Nature and intensity of injury Nature and intensity of injury Nature and intensity of injury

Need for expert personnel Limit call time by conventional 

telephone during thunderstorm

Self-protection Unplugged electrical device Keep minimum distance of 10 m Avoid locations with high risk of 

Switched-off power line unless power line was switched off lightning

Switched off fuse by expert personnel and visibly Avoid proximity on site

grounded

Triage Conventional Conventional Modified

Spine protection Immobilization, if indicated Immobilization mandatory Immobilization mandatory

External cooling Not indicated Cool water on 1 and 2 burn area Not indicated

of less than 30% for up to 10 min

Remove smoldering clothes

Airway management Conventional Early tracheal intubation and Avoid hypoxic cardiac arrest by 

ventilation in orofacial edema early ventilation

IV access Single peripheral IV access Multiple large-bore IV lines Single peripheral IV access

IV fluid administration IV fluid administration restricted IV 4–7 ml/kg per day x % burn IV fluid administration restricted

CPR onset CPR during extrication CPR during extrication Delayed onset after initial 

ventilation if necessary

CPR termination Conventional Conventional Modified

Referral Intensive care unit Trauma/burn center Trauma center



on the line with the dispatch center and must not discon-
nect the line of communication.

Modified triage

Rapid triage and early emergency medical treatment are
mandatory if numerous victims have been severely injured
following electrocution. Whenever the number of patients
exceeds the capacity of rescue personnel, the lowest prior-
ity is given to those without a palpable pulse.72 In lightning,
when two or more victims are struck simultaneously, stan-
dard triage principles are reversed: highest priority is given
to those without a palpable pulse, rather than to victims
who are awake but confused.4 It is unlikely that those who
survived the initial injury will develop delayed life-threat-
ening conditions. If there are many injured patients, triage
extends to the use of monitoring equipment as well. While
pulsoxygraphy is adequate for initial observation of an
unconscious patient, ECG may be applied when the
patient is awake.

Discontinuing exposure and evacuation

Unlike the victims of lightning strike, patients experiencing
technical electrocution should be assumed still to have
current flowing through them. The victim may still be grip-
ping the live wire or object because of tetanic spasm of the
flexor muscles. For low-voltage electrical injury, electrical
sources must be turned off, unplugged, or carefully
removed with rubber or wooden instruments before
rescue is attempted. If electrical shock occurs in a location
that is not readily accessible, such as while the victim is
atop a utility pole or is swimming, effective CPR attempts
will not be possible until the victim is extricated.73 The
spine should be immobilized and remain so during out-of-
hospital emergency treatment as patients frequently fall,
resulting in a high incidence of neck trauma.3,74

In high-voltage incidents the rescuers must wait at a dis-
tance until expert personnel have turned off and visibly
grounded the power supply. Unidentified current is
regarded as high-voltage unless expert personnel disagree.
The recommended safe distance from the electrical trans-
mission lines is at least twice the distance from the insula-
tor to the utility pole, with a minimum of 10 meters.75

During a thunderstorm, rescuers are cautioned to mini-
mize their exposure to lightning as much as possible.
Victims of lightning carry no electrical charge and can be
touched safely immediately after the strike. On the other
hand, the lightning strike indicates that the situation might
still be dangerous. If providing CPR takes the rescuer to the
highest point in the midst of a severe storm, then addi-

tional casualties may occur. In most cases, however, the
risk to rescuers in treating the victims of lightning strike is
minimal. If the injury occurs on moist ground or in water,
it is acceptable to give a few quick breaths before moving
the patient to a safer place and starting CPR. A protective
layer between patient and ground may diminish the risk of
hypothermia. Spinal protection and immobilization
should be maintained during extrication and treatment if
head or neck trauma appears to be likely.

Cardiopulmonary resuscitation

When cardiac arrest occurs in remote locations that are far
from medical care facilities, response times for profes-
sional rescue are prolonged. The principles for manage-
ment of electrically injured victims76 and victims of
lightning77,78 include ensuring rescuer safety and providing
for CPR to be started immediately by bystanders. The goal
is to oxygenate the heart and brain adequately until cardiac
activity is restored. The sequence of actions follows the
International Guidelines for Basic Life Support (BLS) and
Advanced Life Support (ALS) with respect to electric shock
and lightning strike.79,80

BLS
In victims of high-voltage current with first and second
degree burns of less than 30% body surface, further exten-
sion of thermal injury should be avoided by applying
copious amounts of cool water to the burned area.
Cold water should not be used as it induces vasoconstric-
tion and consequently increases the afterburn effect.
Application is restricted to 10 minutes to avoid further
harm from hyper- or hypothermia. Smoldering shoes,
belts, and clothes should be removed unless they are stuck
to burn lesions. If the victim is not breathing sponta-
neously, emergency medical service (EMS) system activa-
tion, prompt CPR and, if available, use of automated
external defibrillator (AED) are initiated by bystanders.
Basic life support by mouth-to-mouth ventilation together
with cardiac compression in the ratio 2:30 is started. As
soon as circulation returns, ventilation should be contin-
ued until sufficient spontaneous breathing is restored.

ALS
When advanced life support can be established, the initial
cardiac activity is quickly assessed by using defibrillator
paddles or self-adhesive electrode pads. The two defibrilla-
tor paddles or electrode pads are placed one below the right
clavicle and the other at the opposite lateral chest wall with
the heart maintained in the center between the two paddle
surfaces. The rhythm on the monitor is determined as being
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either shockable, e.g., ventricular fibrillation or pulseless
ventricular tachycardia, or non-shockable rhythm. With
shockable rhythm it has to be ensured that everybody is
clear of the patient. A one-shock strategy and immediate
resumption of effective chest-compressions after each
shock may improve outcome by reducing interruptions of
CPR.80 The total number of countershocks and the power
applied should be kept to a minimum because myocardial
injury may be cumulative.81 The chance for successful defib-
rillation increases when coronary perfusion can be
improved prior to defibrillation.82 When rhythm is non-
shockable, CPR is continued and signs of circulation, e.g.,
palpable carotid pulse, are repeatedly checked for.

Airway management
Patients with insufficient and absent breathing should
receive immediate ventilatory support with positive pres-
sure ventilation and a high inspired oxygen concentration,
preferably 100%. When administering oxygen on site, a safe
distance to burning or hot objects must be maintained. A
secure airway is established early, and the gold standard is
tracheal intubation. This allows adequate mechanical ven-
tilation and the administration of emergency drugs, with
the exception of sodium bicarbonate. A definitive airway is
also important in patients with burns of the face, mouth, or
neck or whenever inhalation injury is expected. Intubation
should be accomplished on an elective basis before signs
of airway obstruction become severe. With high-voltage
injury, in particular, extensive soft tissue swelling
may develop rapidly and compromise the airway and
breathing, necessitating emergency cricothyroidotomy or
tracheotomy. Airway protection and ventilation are partic-
ularly important in lightning victims as the critical factor in
mortality from lightning is the duration of respiratory
arrest rather than the time of circulatory standstill.4

Drug treatment
Drug treatment including vasopressors, inotropic support,
and other standard therapies are administered as needed.
Close monitoring of patient response is important. Once
return of spontaneous circulation has been achieved,
further therapies may be started. Dosages and administra-
tion schedules do not differ from general recommenda-
tions, but it is not clear whether the application of
therapies that depend on cardiac electrophysiology, such
as antiarrhythmic drugs and cardiac pacing, is altered by
the preceding electrical injury.

Venous access
Peripheral venous cannulation, e.g., via the external
jugular vein, is usually sufficient to establish vascular

access, but central veins are the optimal route for deliver-
ing drugs rapidly into the central circulation and for
administering infusions. This applies especially to patients
with high-voltage injuries, who may have severe burns and
significant tissue destruction.

Fluid administration
Vigorous fluid therapy in the early phase of resuscitation
with crystalloids (preferably normo-saline solution) is crit-
ical to both immediate survival and ultimate outcome.
Colloids are not recommended in patients with severe
burns unless multiple systems are injured. Colloids poten-
tially increase edema and therefore could add to secondary
tissue damage. Fluid requirements are often greater than
those estimated by the Parkland formula, because severe
burn and extended tissue damage frequently occur
together. Infusions should be continued after successful
resuscitation at a rate between 4 and 7 ml/kg per % body
surface area burned per day.83

From emergency medical point of view, this is about 1 l
of crystalloids per hour in adults (children: 10 – 15 ml/kg
per hour) unless additional injuries other than burns
increase the volume demand. Fluid administration should
be adequate to maintain diuresis to facilitate excretion of
myoglobin, potassium and other by-products of tissue
destruction. Lightning victims generally do not require
volume expansion, and indeed this can worsen the cere-
bral edema that commonly accompanies the injury.4 Once
spontaneous circulation is reestablished, intravenous fluid
therapy must be restricted.

Prognosis
The various reports of good outcomes even after pro-
longed arrest times justify early transport and continued
CPR en route to the hospital.6 Heroic therapies such as
open chest CPR may be effective in some patients.84

Referral and definitive care

Generally, hospitalization is advised for all victims of elec-
trical trauma as the magnitude and severity of internal
tissue damage cannot be accurately gauged from external
examination alone. Particular attention should be paid
to the development of compartment syndrome, hyper-
kalemia, myoglobinemia and renal injury. Sequelae of
internal tissue injury tend to occur along the path of current
flow. Furthermore, all victims of electrical injury require a
complete neurologic assessment. Delayed neurological
injury is common in victims of both lightning and technical
electrocution. As soon as the patient’s condition has stabi-
lized, smooth and quick transport to the most suitable
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intensive care center should be arranged. Victims of high-
voltage injury are transferred to the trauma and burn
center. Patients who have been struck by lightning are
regarded as trauma patients and are transferred to the
trauma center. Continuous monitoring of vital signs during
transport is mandatory.
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Introduction

Athletes deliberately expose themselves to extreme envi-
ronments (such as high altitude mountaineering and
deep-sea diving) and physical challenges (from weight
lifting to marathon running), which may give rise to the
manifestation of rare cardiac conditions, or cause sudden
death (SD). Indeed, the renowned Athenian long distance
runner Pheidippides suffered SD in 490 BC after running
from the battlefield of Marathon to Athens to announce the
great victory of the Greeks over the invaders.

An analysis of the very dissimilar physical and envi-
ronmental conditions to which athletes are exposed, and
related health risks, is beyond the scope of this chapter and
will not be conducted. Instead, we will focus on SD from
cardiac causes.

Incidence

Sudden cardiac death

It is commonly understood, and substantiated by clinical
evidence, that regular moderate physical exercise has ben-
eficial cardiovascular effects.1 Several prospective epi-
demiological studies consistently associate exercise with a
reduced risk of coronary artery disease (CAD) and sudden
cardiac death (SCD).2,3

The incidence of SCD in adolescents and young adults
(here defined as the age group
35 years) is about 1 in
100 000 per year;4 this is 100 times less than in the older
population (1 in 1000 per year; Fig. 65.1).5 Predominant
causes of SCD in athletes change with age. In those over

35 years of age, the most common etiology is atheroscle-
rotic CAD, often severe and diffuse, even in individuals
without known risk factors or symptoms.6 In contrast, in
younger athletes, a variety of cardiac diseases, largely
congenital and often rare, account for the majority of
SCD.4,6–8

Despite the above-mentioned general health benefit of
regular exercise, young athletes can have a higher incidence
of SD than age-matched non-athletes.10 Thus, Corrado
et al.4 found in the Veneto region of Italy that the SCD inci-
dence in athletes was 2.8 times that of non-athletes (all
aged 12–35 years), demonstrating that competitive sports
activity can actually enhance the risk of SD (Fig. 65.2).
Young competitive athletes who died suddenly were pri-
marily affected by silent cardiovascular diseases, predomi-
nantly cardiomyopathies, premature CAD, and congenital
coronary anomalies (Fig. 65.3). Sports activity, in this
context, is therefore not per se a cause of the increased mor-
tality; rather, it triggers manifestation of underlying cardio-
vascular diseases, predisposing athletes to life-threatening
ventricular arrhythmias during physical exercise.

In keeping with this view, up to 90% of deaths among
young athletes occur during training or competition.4,7 For
this reason, unexplained syncope in young athletes in the
context of exercise should be taken very seriously indeed
(presuming an “aborted SD”), unless proven otherwise.

Furthermore, current evidence suggests a gender differ-
ence of SD in athletes, with a striking male predominance
(male-to-female ratio 10:1; Table 65.1).4,7,11 This predomi-
nance of fatal events in male athletes was initially
explained by the lower number of females participating in
competitive sports. Male gender is in itself a risk factor for
sports-related SD, however, as demonstrated by Corrado
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et al.4 Compared to females, male athletes are generally
exposed to more intense training and higher levels of
intensity during competition, and they have a greater
prevalence and/or phenotypic expression of cardiac dis-
eases with risk of arrhythmic cardiac arrest, such as car-
diomyopathies12 and premature CAD in the given age
range.13 Moreover, there appear to be gender differences
in mechanisms underlying cardiac electrophysiology,
such as a lower level of the transient outward current in
females, which could serve to protect them from arrhyth-
mogenic SD linked, for example, to the Brugada syn-
drome.14 A role for sex hormones has been conjectured in
this and other ion channelopathies.15

Based on the Minneapolis Heart Institute Foundation
registry, Maron et al.16 report that a majority of athletes
who died suddenly of hypertrophic cardiomyopathy
(HCM) were African Americans (55%; Fig. 65.4). This pre-
dominance is unlikely to be solely attributable to differ-
ences in relative rates or types of sports participation
compared to other ethnic communities. It is possible that
HCM in African Americans represents a more virulent form
of the disease, perhaps due to a malignant genetic sub-
strate when associated with exercise,17 thereby predispos-
ing to SD on the athletic field. In contrast, arrhythmogenic
right ventricular cardiomyopathy (ARVC) and aortic valve

stenosis are both significantly more common in white than
in African American athletes (Fig. 65.4).16

Despite a number of investigations, the actual inci-
dence of SCD in adolescents and young adults in
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competitive sports remains controversial. The issue has
been addressed primarily in the United States (US) and in
Italy, two very different countries with dissimilar racial
and genetic backgrounds, scope of popular sports activi-
ties, screening regulations, and health care provision. The
reported annual prevalence of athletic field deaths ranges
from 0.5 in 100,000 in US high-school athletes in
Minnesota11 to 2.3 in 100 000 in Northern Italy.4

In the majority of US reports that include autopsy data,
HCM is the most common underlying disease linked to these
deaths (Table 65.2).6,7 In contrast, HCM is uncommon in
Italian studies of SD on the athletic field. A probable reason
for this difference is the compulsory pre-participation
screening of young athletes, which leads to early exclusion of
HCM sufferers from competitive sports. Instead, diseases
that are more difficult to screen, such as ARVC, have become
the most common causes of SCD in North-Italian athletes
(Table 65.3).4,8

It is interesting, however, that in spite of the apparently
efficient pre-participation screening program, the overall
incidence of SCD is higher in Italy than in the US. Among
a number of possible explanations are differences in
population background (both biological and social),
sports participation (range and type of activities), report-
ing, and others. In addition, a high prevalence of genetic
predisposition to ARVC in Italy, particularly in the Veneto
region, may play a role, and this clearly warrants further
investigation. Another surprising facet is the observation

that SD rates in young US athletes are apparently lower
than in the age-matched general population (the data
collected in the respective studies may be affected by
ethnic and socioeconomic differences in the population
sampled, e.g., athletes in the Minnesota area may not be
representative of the general US population). Equally
deserving further investigation is the fact that Italian ath-
letes are at such a relatively high risk, compared to age-
matched non-athletes, despite efficient pre-screening for
HCM and other cardiovascular conditions (ARVC may
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Table 65.1. Characteristics of sudden death victims

Athletes Non-athletes

(n�55) (n�245) P value

Mean age (yrs) 23.1�7 23.9�9 1.0

Gender

Males 50 170 0.002

Females 5 75

Circumstances of death

Exercise-related 49 (89%) 22 (9%) 
 0.0001

During effort 40 15

After effort 9 7

Unrelated to exercise 6 (11%) 225 (91%)

Medical history

Familial history of SD 5 (9%) 27 (11%) 0.8

Previous symptoms 18 (32%) 56 (23%) 0.2

ECG abnormalities/ 22 (40%) 36/63 (57%) 0.1

arrhythmias

Data are presented as the mean value�standard deviation or

number (%) of subjects. ECG�electrocardiographic; 

SD�sudden death.

With permission from ref. 4.

Table 65.2. Causes of sudden death in 387 young athletes
in the USA

Number of 

Cause athletes Percent

Hypertrophic cardiomyopathy 102 26.4

Commotio cordis 77 19.9

Coronary-artery anomalies 53 13.7

Left ventricular hypertrophy of 29 7.5

indeterminate causationa

Myocarditis 20 5.2

Ruptured aortic aneurysm 12 3.1

(Marfan’s syndrome)

Arrhythmogenic right 11 2.8

ventricular cardiomyopathy

Tunneled (bridged) coronary 11 2.8

arteryb

Aortic-valve stenosis 10 2.6

Atherosclerotic coronary 10 2.6

artery disease

Dilated cardiomyopathy 9 2.3

Myxomatous mitral-valve 9 2.3

degeneration

Asthma (or other pulmonary 8 2.1

condition)

Heat stroke 6 1.6

Drug abuse 4 1.0

Other cardiovascular cause 4 1.0

Long-QT syndromec 3 0.8

Cardiac sarcoidosis 3 0.8

Trauma involving structural 3 0.8

cardiac injury

Ruptured cerebral artery 3 0.8

Data are from the registry of the Minneapolis Heart Institute

Foundation.16

a Findings at autopsy were suggestive of hypertrophic

cardiomyopathy but were insufficient to be diagnostic.
b Tunneled coronary artery was deemed the cause in the absence

of any other cardiac abnormality.
c The long-QT syndrome was documented on clinical evaluation.

With permission from ref. 18.



present a particular exercise-induced risk that has yet to
be identified).

Before speculating on any of the above differences, it is
clear that currently available incidence numbers should be
interpreted with care. Thus, Maron et al.11 investigated the
annual incidence of SD from undiagnosed cardiovascular

disease based on a longstanding insurance program for
catastrophic injury or death in Minnesota. The reported
incidence of SCD was 1 in 200 000 high-school athletes par-
ticipating in organized sports. This estimate is based on
three episodes of SCD over a 12-year period (with such
small case numbers, the actual observation period

Sudden death in athletes 1151

0.6 RR = 5.4
RR = 2.6

ARVC
CAD

M
VP

M
yo

ca
rd

iti
s

Conducti
on sy

ste
m

 d
is.

CCA

RR = 79.0
RR = 3.2

RR = 1.5 RR = 2.1

0.5

0.4

0.3

0.2

0.1

0

S
C

D
 p

er
 1

00
00

0 
p

er
so

n
–y

ea
r

Athletes Non-athletes

Fig. 65.3. Incidence and relative risk (RR) of sudden cardiac death (SCD) among athletes and non-

athletes from: arrhythmogenic right ventricular cardiomyopathy (ARVC), coronary artery disease

(CAD), congenital coronary artery anomaly (CCA), mitral valve prolapse (MVP), myocarditis and

conduction system disorders. (With permission from ref. 5.)

HCM

100

90

80

%
 o

f 
at

h
le

te
s 

w
it

h
 s

u
d

d
en

 d
ea

th

P = 0.002

White
African-American

P = 0.03

P = 0.02

NS

NS

NS NS
70

60

50

40

30

20

10

0
Coronary
anomalies

Myocarditis ARVC Ruptured
Ao

Aortic
stenosis

CAD

Fig. 65.4. Impact of race on cardiovascular causes of sudden death. Ao�aorta; ARVC�arrhythmogenic

right ventricular cardiomyopathy; CAD�coronary artery disease; HCM hypertrophic cardiomyopathy.

(With permission from ref. 16.)



profoundly affects calculated incidence), and all victims
were male (so that the incidence in female athletes remains
unknown). Another example of how small numbers may
hamper interpretation of SD incidence is the attempt to
establish such risk in marathon runners.19 Out of 215 413
runners who completed the Marine Corps Marathon over
a period of 19 years (1976 to 1994) and the Twin Cities
Marathon (1982 to 1994), only 4 exercise-related SD
occurred. Nonetheless, all deaths were clustered in the last
9 years of observation; thus, if reported during the first 10
years (1976 to 1985) the incidence would have been 0,
whereas during the last 10 years it would have almost
doubled (compared to the 19 years data).

Assessment of the precise SD frequency in young ath-
letes is further complicated because most previous studies
were retrospective. This may have resulted in an underes-
timation of the true prevalence of sports-related SD,
because such studies rely on reporting from individual
schools and institutions, or media accounts.7 Moreover,

limited or missing information on pre-participation
screening, and on the number of athletes barred from
competition on health grounds, influences outcome.

These limitations were largely avoided in the previously
mentioned 21-year prospective cohort study of all
inhabitants of Veneto, a region in northeast Italy.4

According to Italian sports medicine guidelines, athletes
aged 12 to 35 years who are participating in organized
sports requiring regular training and competition must
undergo annual screening of their medical history, a
physical examination with 12-lead electrocardiogram,
and limited exercise testing (as mandated by Italian
law).20 This population, for the 21 years of observation,
provided 29 118 600 age-specific person-years. In all
cases of SD, an autopsy was carried out (Table 65.4).
After excluding non-cardiac causes of death, all hearts
were fixed and forwarded to the Referral Center of
Pathological Anatomy at the University of Padua for
detailed morphologic assessment by a single institution.
The subject’s clinical history, athletic activity, and circum-
stances surrounding the cardiac arrest were recorded in
each case.4 The reported annual incidence of all-cause SD
of 2.3 per 100 000 athletes, and of 2.1 per 100 000 athletes
from cardiovascular diseases4 will be fairly accurate for
the given population, but probably should not be extra-
polated to either the whole Italian population, or other
countries.

Sudden non-cardiac death

Non-cardiac SD in athletes has been reported from extreme
hyperthermia (heat stroke);21 head and spine trauma (foot-
ball players, pole vaulters); uncontrolled bronchial asthma;4

ruptured cerebral artery aneurysm;4 sickle cell trait;22 or
drug abuse.16 The incidence of non-cardiac SD is 6% in (pre-
screened) Italian athletes,4 and exceeds 33% (198 out of 584)
in the US.16

Sudden cardiac death involving structural
abnormalities

Hypertrophic cardiomyopathy

General
HCM is a complex and relatively common genetic disorder,
characterized by an asymmetrically hypertrophied, non-
dilated left ventricle, with heterogeneous clinical, morpho-
logic, and genetic expression (Fig. 65.5).23 The prevalence
of phenotypically expressed HCM in the adult general pop-
ulation is about 0.2% (1 in 500).23 This excludes a probably
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Table 65.3. Causes of sudden death in athletes and non-
athletes 35 years of age or less in the Veneto region of Italy
1979–1996

Athletes Non-athletes Total

(N�49) (N�220) (N�269)

Cause number (percent)

Arrhythmogenic right 11 (22.4) 18 (8.2)a 29 (10.8)

ventricular 

cardiomyopathy

Atherosclerotic 9 (18.4) 36 (16.4) 45 (16.7)

coronary artery

disease

Anomalous origin of 6 (12.2) 1 (0.5)b 7 (2.6)

coronary artery

Disease of conduction 4 (8.2) 20 (9.1) 24 (8.9)

system

Mitral-valve prolapse 5 (10.2) 21 (9.5) 26 (9.7)

Hypertrophic 1 (2.0) 16 (7.3) 17 (6.3)

cardiomyopathy

Myocarditis 3 (6.1) 19 (8.6) 22 (8.2)

Myocardial bridge 2 (4.1) 5 (2.3) 7 (2.6)

Pulmonary 1 (2.0) 3 (1.4) 4 (1.5)

thromboembolism

Dissecting aortic 1 (2.0) 11 (5.0) 12 (4.5)

aneurysm

Dilated cardiomyopathy 1 (2.0) 9 (4.1) 10 (3.7)

Other 5 (10.2) 61 (27.7) 66 (24.5)

a P�0.008 for the comparison with the athletes.
b P
0.001 for the comparison with the athletes.

With permission from ref. 8.



substantial proportion of individuals harboring a mutant
gene for HCM without clinical symptoms.

HCM is a unique cardiovascular disease with the poten-
tial for clinical presentation during any phase of life, from
infancy to old age. The clinical course is typically variable
and may cause disability or death; indeed, patients may
remain stable over long periods of time, with up to 25% of
HCM sufferers achieving normal longevity (Fig. 65.6).25

Nevertheless, HCM is also a prominent cause of SCD in the
young, including athletes.7,26 SCD may actually be the first
disease presentation in asymptomatic or mildly sympto-
matic young people.7,26,27 Death may occur during mild
exertion or sedentary activity including sleep, but it is not
infrequently triggered by vigorous physical exertion.7

Indeed, in the US population, HCM is the most common
cause of SCD in young people and competitive athletes
(Fig. 65.7).7

Although the usual diagnostic criterion for HCM is a
maximal left ventricular (LV) wall thickness �15 mm, geno-
type-phenotype correlations have shown that virtually any

wall thickness, including values within the normal range,
may be associated with presence of an HCM mutant gene.17

Not all individuals harboring a genetic defect express clini-
cal symptoms, such as abnormal electrocardiogram (ECG)
and echocardiography, or impaired cardiac function.17,30

Most commonly, substantial LV remodeling with sponta-
neous appearance of hypertrophy occurs with accelerated
body growth during adolescence, and morphologic expres-
sion is usually complete at physical maturity.31 In trained
athletes, modest segmental wall thickening (13–15 mm)
requires differential diagnosis between extreme manifesta-
tions of physiologically based “athlete’s heart”32,33 and mild
morphologic expressions of HCM,33 which can usually be
conducted non-invasively.32

A distinctive clinical observation in some patients with
obstructive HCM is the dynamic pressure gradient in the
subaortic area that divides the left ventricle into high-
pressure (apical) and a low-pressure (subaortic) regions
(Fig. 65.8).34 This form of dynamic subaortic obstruction
is typically produced by mitral valve systolic anterior
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Table 65.4. Causes of sudden death by gender and age in athletes and non-athletes

Total (N�300) Athletes (n�55) Non-athletes (n�245)

Age Males Females Age Males Females Age 

n (yrs) (n�50) (n�5) (yrs) (n�70) (n�75) (yrs)

Cardiovascular 259 23.8�8 46 5 23.1�7 150 58 23.9�9

Atherosclerotic CAD 58 29.1�5 10 0 28.9�6 43 5 29.2�5

Arrhythmogenic RV cardiomyopathy 37 25.2�7 12 0 22.6�4 17 8 26.9�7

Myocarditis 32 22.3�7 5 0 22.5�7 21 6 22.1�7

Mitral valve prolapse 27 22.7�6 4 2 23.0�3 8 13 22.4�6

Disease of the conduction system 25 21.5�9 3 1 21.2�5 17 4 21.6�5

Hypertrophic cardiomyopathy 23 22.3�7 1 0 15 18 4 22.3�7

Aortic rupture 12 21.2�8 1 0 21 8 3 21.3�9

Dilated cardiomyopathy 11 22.1�7 1 0 14 7 3 22.0�7

Anomalous origin of CAD 8 20.2�6 6 1 21.5�9 0 1 13

Non-atherosclerotic CAD 7 21.4�8 0 0 — 2 5 21.4�8

Myocardial bridge 6 21.7�9 2 0 23.5�4 2 2 20.9�8

Aortic valve stenosis 4 20.7�3 0 0 — 4 0 20.7�3

Postoperative CHD 4 13.2�5 0 0 — 2 2 13.2�5

Pulmonary thromboembolism 4 23.4�2 1 0 24 1 2 23.0�1

Long QT syndrome 1 20 0 1 20 0 0 —

Non-cardiovascular 23 24.1�8 3 0 25.2�6 9 11 22.9�7

Asthma 10 23.2�7 0 0 — 6 4 23.2�3

Cerebral berry aneurysm 6 27.8�8 1 0 28 1 4 27.6�4

Cerebral embolism 5 22.2�6 2 0 23.5�4 1 2 21.3�6

Other 2 24.5�6 0 0 — 1 1 24.5�6

Unexplained 18 23.2�8 1 0 28 11 6 22.9�8

Data are presented as the number of subjects and mean value�standard deviation.

CAD�coronary artery disease; CHD�congenital heart disease; RV�right ventricular.

With permission from ref. 4.



motion and septal contact35,36 caused by drag effect36

or possible Venturi phenomenon35 and is responsible for
a loud systolic murmur. Even if this feature attracted
much attention, HCM is predominantly expressed as the
non-obstructive phenotype (75% of patients show no
sizable resting outflow tract gradient).30,37

In cases where a subaortic gradient is present, it is now
generally accepted that values of �30 mm Hg, and associ-
ated elevation in LV pressure, reflect a true mechanical
impairment to outflow, and are of pathophysiologic and
prognostic importance for HCM patients.28,39 Indeed,
outflow obstruction is a strong, independent predictor of
disease progression to HCM-related death (relative risk
vs. non-obstructed patients: 2.0).39 Treadmill or bicycle
exercise testing in association with Doppler echocardio-
graphy has been proposed as the most physiologic and
preferred provocative maneuver to identify latent gradi-
ents during and/or immediately following exercise for

the purpose of major management decisions, given
that HCM-related symptoms are typically elicited with
exertion.40

Genetics
HCM is an inherited, autosomal dominant trait and is
caused by a mutation in any of the more than 10 identified
genes encoding for components of thick or thin filaments
with contractile, structural or regulatory functions (Fig.
65.9).17 The close functional association of these proteins
has resulted in consideration of diverse HCM spectra as a
single disease entity and primary sarcomere disorder.
Although DNA analysis for mutant genes is the most defin-
itive method for diagnosing HCM, it is not yet a routine
clinical strategy.17 The substantial genetic heterogeneity,
low frequency of individual mutations in the general HCM
population, and methodological difficulties associated
with identifying single mutations, have all hindered the
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(a) (b)

Fig. 65.5. Gross pathological specimens of the cardiomyopathies. (a) Hypertrophic cardiomyopathy, showing a marked increase in

myocardial mass and preferential hypertrophy of the interventricular septum. (b) Normal heart, with normal left ventricular dimensions

and thickness. (With permission from ref. 24.)
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Fig. 65.6. Kaplan–Meier survival curve of 225 community-based patients with hypertrophic

cardiomyopathy (HCM) and age-matched control subjects. The numbers above the horizontal axis refer

to the number of patients at each follow-up period. The annual total mortality rate of the patients with

HCM was 1.3%. (With permission from ref. 28.)

Fig. 65.7. Gross heart specimen of a 13-year-old male athlete with hypertrophic cardiomyopathy,

presenting a disproportionate thickening of the interventricular septum (VS) compared with the left

ventricular (LV) free wall. RV � right ventricular free wall. (With permission from ref. 29.)



translation of genetic research into practical applications
and routine clinical strategy, leaving mutation analysis
confined to a few research-oriented laboratories.40

HCM may be initially suspected because of heart
murmur,7 positive family history, and new symptoms, or
abnormal ECG patterns,8 for example during sports pre-
participation examinations.8 Definite clinical diagnosis of
HCM is best established with 2-dimensional echocardio-
graphy,17,23,26 imaging the hypertrophied but non-dilated

LV chamber in the absence of another cardiac or systemic
disease capable of producing the observed magnitude of
hypertrophy (Fig. 65.10).41

Pathogenesis
Microscopic findings in HCM are distinctive, showing dis-
organized LV myocardial architecture, comprising hyper-
trophied myocytes with irregular shapes and multiple
intercellular connections, often arranged in a chaotic order
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Fig. 65.8. Hemodynamic and angiographic findings in hypertrophic cardiomyopathy with biventricular involvement. (a)

Simultaneous pressure recordings from the mid left ventricular (LV) cavity and aorta show a 100 mmHg gradient. The aortic tracing

shows a “spike-and-dome” pattern related to systolic anterior movement of the anterior leaflet of the mitral valve. The subaortic

location of the gradient is confirmed as the LV catheter is pulled back from the midcavity (left) to the subaortic outflow tract (right).

(b) and (c) Left ventriculogram in the right anterior oblique projection. Arrows show systolic anterior mitral valve movement in late

systole with attendant obstruction of the outflow tract. (d) Right ventriculogram in the left lateral projection showing massive

hypertrophy of the right ventricular (RV) outflow area (arrows) with an “hourglass” configuration. AO�aorta; PA�pulmonary artery.

(With permission from ref. 38.)



or aligned at oblique and perpendicular angles, culminat-
ing in an irregular pattern (Fig. 65.11).42 Such cellular dis-
array may be widely distributed and appears to be most
extensive in young victims of the disease (Fig. 65.12(a)).42

Abnormal intramural coronary arteries, characterized by
thickened walls with increased intimal and medial colla-
gen and narrowed lumen, may be regarded as a form of
small vessel disease (Fig. 65.12(b)).43 Such architectural
alterations of the microvasculature and the expanded
interstitial collagen compartment,44 as well as mismatch
between myocardial mass and coronary circulation are
probably responsible for impaired coronary vasculature
reserve45 and bursts of myocardial ischemia,45 leading to
myocyte death and tissue remodelling in the form of
patchy or transmural replacement scarring.46

Disorganized cellular architecture,42 myocardial scar-
ring,46 and expanded matrix44 probably serve as arrhyth-
mogenic substrates, predisposing to life-threatening
electrical instability. This substrate may give rise to
primary ventricular tachycardia (VT) and ventricular fib-

rillation (VF), which appear to be the predominant mech-
anisms of SD.27

Life-threatening tachyarrhythmias can be provoked in
HCM by a number of variables, either secondary to envi-
ronmental factors, such as intense physical exertion, or
alternatively intrinsic to the disease process. Physical exer-
tion, in particular, can trigger a vicious cycle of increasing
myocardial ischemia45 and diastolic dysfunction,47 possi-
bly affected by outflow obstruction,39 systemic arterial
hypotension,48 or supraventricular tachyarrhythmias49 that
lead to a decrease in stroke volume and coronary perfusion.

Moreover, HCM is not infrequently associated with car-
diovascular congenital abnormalities which may con-
tribute to, or account per se for, SCD. As documented by the
Minneapolis Heart Institute Foundation registry, out of 102
athletes who died suddenly with documented HCM, 9 had
associated abnormalities that may have contributed to
death, including tunneled (bridged) left anterior descend-
ing coronary artery (n�7) and coronary artery hypoplasia
(n�2).16
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Fig. 65.9. Drawing showing components of the sarcomere and mutations in hypertrophic cardiomyopathy. Mutations may impair

protein interactions resulting in ineffectual contraction and thereby producing hypertrophy. Percentages represent the estimated

frequency with which a mutation causes hypertrophic cardiomyopathy. (With permission from ref. 37.)
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Risk stratification
The highest risk for SCD has been associated with the fol-
lowing conditions: (1) prior cardiac arrest or spontaneously
occurring and sustained VT;50 (2) family history of prema-
ture HCM-related SD;30 (3) identification of a high-risk
mutant gene;17 (4) unexplained syncope, particularly in
young patients or when exertional or recurrent;37 (5) non-
sustained VT (of 3 beats or more and of at least
120 beats/min) evident on ambulatory (Holter) ECG

recordings;51 (6) abnormal blood pressure response during
upright exercise which is attenuated or hypotensive, in
patients less than 50 years old;37,38 and (7) extreme LV
hypertrophy with maximum wall thickness of 30 mm
or more, particularly in adolescents and young adults.26 The
last mentioned risk factor derives from a continuous, direct
relationship between maximum LV wall thickness and SD,
which supports the magnitude of LV wall thickness as a
determinant of the risk of SCD.26 Impaired consciousness,
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(a) (b)

Fig. 65.11. Histopathology of hypertrophic and dilated cardiomyopathy. (a) The normal architecture

of healthy myocardium shows orderly alignment of myocytes with minimal interstitial fibrosis.

(b) Hypertrophic cardiomyopathy, demonstrating marked enlargement and disarray of myocytes (red)

with increased interstitial fibrosis (blue). Stains: A, hematoxylin and eosin; B, Masson trichrome.

(With permission from ref. 24.)

(a) (b)

Fig. 65.10. Heterogeneity in the pattern and extent of left ventricular wall thickening in hypertrophic cardiomyopathy as shown by

echocardiography (long-axis views). (a) Massive hypertrophy of the ventricular septum (VS) with wall thickness greater than 50 mm.

(b) Distal VS thickening greater than proximal VS. Ao�aorta; AML�anterior mitral leaflet; LA� left atrium; PW�posterior wall.

(With permission from ref. 41.)



such as syncope or near-syncope, is a most striking clinical
risk indicator and should never be underestimated.28

Finally, variability between ECG leads in measurements
of QTc (QTc dispersion) is thought to reflect regional vari-
ations in myocardial recovery and excitability.52 Subjects
with HCM have greater QTc dispersion than control sub-
jects,53 and patients with ventricular arrhythmias have
significantly larger QTc dispersion than patients without
arrhythmias.54 Increased QTc dispersion is therefore
believed to be an important risk factor for SCD.53

Prevention and treatment
Intense physical exertion constitutes a SD trigger in suscep-
tible individuals.7 Therefore, to reduce risk, disqualification
from most competitive sports has been recommended by a
number of consensus statements for athletes with unequiv-
ocal evidence of HCM.55,56

In HCM, treatment strategies to reduce risk for SD have
historically relied on drugs such as �-blockers, verapamil,
and antiarrhythmic agents (procainamide and amio-
darone).51,57 Nevertheless, there is little evidence57 that
prophylactic pharmacological strategies reduce SD risk.
Furthermore, because of its potential toxicity, amio-
darone is unlikely to be tolerated throughout the long risk
periods of young HCM patients. At present, implantable
cardioverter-defibrillators (ICD) appear to be the most
effective intervention for high-risk HCM patients.27 In
one multicenter retrospective study, ICD appropriately
sensed and automatically aborted potentially lethal
ventricular tachyarrhythmias by restoring sinus rhythm
in almost 25% of a high-risk cohort, followed for a rela-
tively brief period of 3 years.27 This is in line with
ACC/AHA/NASPE 2002 guidelines that recommend ICD

for primary SCD prevention (class IIb indication), and for
secondary prevention after one cardiac arrest (class I
indication).58

For adults and children with obstructive HCM and
severe drug–refractory symptoms, ventricular septal
myotomy–myectomy (Morrow procedure) has become an
established operation, on the basis of the experience
acquired throughout the past 40 years, and is regarded as
the standard therapeutic option.30,37,59 Nevetheless, only a
small, though significant, proportion (5%) of the overall
HCM population is truly eligible for the procedure.37

Arrhythmogenic right-ventricular cardiomyopathy

General
ARVC is a primary myocardial disease, characterized by
adipose or fibro-adipose substitution of right ventricular
(RV) myocardium. Originally considered a cause of RV
failure,60 ARVC was more recently found to be responsible
for severe ventricular arrhythmias in adults61 and SCD in
young persons and athletes (Fig. 65.13(a)).62 Although ini-
tially considered to be strictly confined to the RV, there is
growing clinical evidence that, over time, the LV shares RV
cardiomyopathic changes;63 hence the definition of the
World Health Organization of a disease “characterized by
progressive fibrofatty replacement of RV myocardium, ini-
tially with typical regional and later global RV and some LV
involvement” (Fig. 65.13).64

ARVC is associated with a high incidence of ventricular
arrhythmias, including polymorphic non-sustained VT
and VF, as well as recurrent sustained VT.66 In a large pro-
portion of victims (up to 80%), the first manifestation of the
disease is “unexplained” syncope or SCD.67
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(a) (b)

Fig. 65.12. Histological specimen of hypertrophic cardiomyopathy in a 13-year-old showing (a) marked

cellular disarray with hypertrophied cells arranged in a chaotic pattern; (b) several abnormal intramural

coronary arteries, with markedly thickened walls and narrowed lumina. Hematoxylin and eosin stain;

original magnifications �50. (With permission from ref. 29.)



The clinical diagnosis is formulated in patients with
ventricular arrhythmias with a left bundle branch
configuration,68 abnormal T wave inversion and epsilon
waves in the right precordial leads,69 increased ventricular

volume, localized or diffuse trabecular disarrangement
with fibrous or fibrofatty replacement of myocardial
tissue on endomyocardial biopsy,70 and dynamic abnor-
malities of the RV free wall.71 The characteristic progres-
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Fig. 65.13. (a) An asymptomatic 17-year-old boy died suddenly during a soccer game. Retrospectively,

the only signs of the disease were basal ECG T-wave inversion in right precordial leads up to V4 and an

isolated premature ventricular beat of left bundle-branch block morphology during step test. (b) same

case, in vitro NMR cross-sectional view showing a uniformly whitish right ventricular free wall with

anterior and inferior aneurysms (note a spotty involvement of the posterolateral wall of the left

ventricle); also, corresponding cross section of the heart specimen with infundibular and inferior

subtricuspidal aneurysms, and panoramic histological view of the inferior aneurysm showing wall

thinning with fibrofatty replacement. (c) in vitro NMR scan in the long-axis view showing extensive

involvement of the anterior free wall of the right ventricle and patchy involvement of the posterior wall

of the left ventricle; the interventricular septum is spared. (d) corresponding panoramic histological

view of the left ventricle showing a spot of fibrofatty replacement of the myocardium. (e) control heart

from a 20-year-old man who died in a motor vehicle accident. Panoramic histological view of the lateral

free wall of the right ventricle: the fatty tissue is limited to the subepicardium and only slightly infiltrates

the myocardium. (f) Myocardial atrophy with fibrous and fatty tissue replacement (Azan stains; original

magnification B, D, and E �2.5, F �240; (With permission from ref. 65.)



sive loss of myocardium coincides with the onset of
cardiac electrical instability. Clinicopathological data
suggest a wide age range, spanning adolescence to adult-
hood, during which the disease may become sympto-
matic and fatal.65,72 ARVC is diagnosed in 90% of cases
after the age of 20 (usually before reaching 50 years),
probably because it is concealed during earlier life.72

Several disease stages have been identified, from an early
clinically silent phase with or without minor arrhythmias
and with myopathic abnormalities localized only to the
RV, during which SD may be the first manifestation of the
disease;62 to an “overt electrical instability” with severe
arrhythmias and impending cardiac arrest, characterized
by segmental or global RV structural changes;73 finally
followed by “pump failure” characterized by biventricu-
lar cardiomyopathy mimicking dilated cardiomyopa-
thy (DCM) with cardiomegaly, congestive heart failure
requiring transplantation, and the risk of thromboem-
bolic complications.74

It has been proposed that in some young people a
sudden change from the subclinical to a clinical stage may
produce life-threatening arrhythmias as the first symptom,
suggesting that the juvenile form of ARVC is not benign.75

The experience of SD as first clinical manifestation of ARVC
in young people and athletes is in accordance with this
hypothesis. In the adult, the disease probably reaches a
stable phase in which abrupt changes in electrical instabil-
ity are less common.

A history of cardiac arrest or VT with hemodynamic
compromise, young age, and LV involvement have all been
identified as independent predictors of VF.76 SCD is often
exercise-related, and in regions of the world where screen-
ing for HCM has excluded the affected athletes from com-
petition, ARVC has emerged as the most common cause of
sports-related SCD.8

In patients with ARVC, VF has been associated with
active phases of myocyte death occurring in younger
affected patients with progressive disease, whereas hemo-
dynamically well-tolerated monomorphic VT is caused by
a re-entry mechanism around a stable myocardial scar as
the result of healing and remodeling processes that occur
at a later stage of the disease course.72 This view is rein-
forced by the finding that younger age is an independent
risk factor for VF.67

Macroscopic or histologic LV involvement, or both, can
be found in 76% of the hearts analyzed, thus confirming
that ARVC affects the LV in the majority of cases. LV
changes usually affect both the septum and LV free wall,
either diffusely or, more often, regionally (Fig. 65.13(b) and
(d)).67 However, patients with isolated RV changes are
younger and more often die suddenly without having

experienced warning symptoms compared to patients
with coexistent LV abnormalities.67

Genetics
A genetic basis for ARVC is being explored. A large pro-
portion of cases, up to an estimated 30%–50% appear to
have a familial distribution.67,77 The inheritance pattern
is autosomal dominant, except for the geographically
clustered Naxos disease (chromosome 17).77 Autosomal
dominant ARVC has been mapped to eight chromosomal
loci on three putative genes. These genes link ARVC to
mutations in the RYR2-gene78 which encodes the sar-
coplasmic calcium release channel (aka Ryanodine
Receptor [RyR]; the same gene is also implicated in famil-
ial catecholaminergic polymorphic ventricular tachycar-
dia [CPVT]), and the DSP and JUP-genes which encode for
the cell adhesion proteins desmoplakin and plakoglobin,
respectively.79

Risk, prevention and treatment
During the concealed phase, affected young persons
involved in sports activities are particularly vulnerable to
electrical instability with risk of cardiac arrest; early recog-
nition is thus a medical challenge, and exclusion from all
sports is mandatory.65,67

A large observational study that addressed the clinical
impact of ICD therapy on the natural history of patients
with ARVC treated for prevention of SD76 demonstrated
that a history of either cardiac arrest or VT with hemody-
namic compromise, young age, and LV involvement are
independent predictors of potentially lethal ventricular
arrhythmias and can help in identifying those ARVC
patients who would benefit most from ICD implantation.
The major finding was that nearly half the patients (n�64)
had at least one episode of ventricular tachyarrhythmia
that required ICD intervention despite antiarrhythmic
drug therapy over a mean follow-up period of 3.3 years,
and 24% experienced VF that, in all likelihood, would
have been fatal without termination by the device (Fig
65.14). This high incidence of ICD interventions is in
agreement with data from smaller series of patients
with ARVC previously reported.80 Moreover, the majority
of appropriate ICD interventions occurred despite con-
comitant therapy with sotalol, amiodarone, or �-blockers
(alone or in combination).76

Coronary artery abnormalities

A variety of congenital coronary artery anomalies rep-
resent common causes of exercise-related SD in young
athletes.4,8 Corrado et al.4 report 9 out of 55 SD in athletes
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to be secondary to coronary abnormalities, with 7 due to
wrong coronary sinus origin, and the remaining related to
myocardial bridging. The mechanism of SD is believed
to be episodic myocardial ischemia.81,82 Diagnosis repre-
sents a serious challenge, but is particularly important
as surgical correction is feasible.83 The possibility of a coro-
nary anomaly should always be considered in a young
athlete with a history of chest pain or syncope, particularly
if the episodes are triggered by exercise.84 Transthoracic or
transesophageal echocardiography and magnetic reso-
nance imaging can be used to diagnose the anomaly,83 and
diagnostic coronary arteriography can ultimately be per-
formed. Patients usually do not have abnormalities on 12-
lead or even exercise electrocardiograms,83,85 because the
myocardial ischemia is episodic, thereby limiting the value
of random screening.

Acquired coronary abnormalities, particularly pre-
mature CAD, account for another major substrate for
unexpected death in athletes, despite implementation of
pre-participation screening programs.4,8

Wrong coronary sinus origin

General
Anomalous origin of coronary arteries is a rare congenital
disease, found in approximately 0.6% to 1% of all coronary
angiograms, and in 0.3% of all autopsies (Fig. 65.15).86,87

Although an anomalous origin of coronary arteries may
have a completely benign and asymptomatic course, it
can be a cause for SD in the young, more commonly in
competitive athletes than in non-athletes.4,8
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Fig. 65.15. Congenital coronary artery anomaly of wrong aortic

sinus origin, which may cause SD in young athletes. Top,

Anomalous origin of the left main coronary artery arising from

right (anterior) sinus of Valsalva. Note acute leftward bend of left

main coronary artery at its origin and its posterior course

between aorta and pulmonary artery trunk (Pul. a.). Bottom,

Normal coronary artery anatomy is shown for comparison.

L.A.D. � left anterior descending; L. circ.� left circumflex; L� left

sinus; R�right sinus; P�posterior sinus; R.C.A.�right coronary

artery. (With permission from ref. 6.)



Risk
Recognized as an important cardiovascular cause of SD on
the athletic field (Tables 65.3 and 65.4),4,8,83 these anom-
alies may be more common than previously thought.85

Left main coronary artery origin from the right aortic
sinus of Valsalva represents the most serious anomaly,
associated with the highest incidence of symptoms and
SD.87 As reported by Taylor et al.,87 in 242 patients with iso-
lated coronary artery anomalies, SD and exercise-related
death were most common with origin of the left main coro-
nary artery from the right coronary sinus (57% and 64% of
cases, respectively). Anomalous origin of the right coro-
nary artery from the left coronary sinus was also com-
monly associated with exercise-related SD (46% of cases).
High-risk anatomy further involved abnormalities of the
initial coronary artery segment, or the coursing of the
anomalous artery between the pulmonary artery and
aorta. Younger patients (�30 years old) were significantly
more likely to die suddenly than were older patients (62%
vs. 12% overall; 40% vs. 2% during exercise).87 Although the
type of malformation may affect life expectancy, this may
be less relevant in the elderly as large vessel stiffening may
afford some degree of protection, in particular for coronary
vessels routed “between” cardiac outflow branches.

Diagnosis
Coronary origin anomalies are rarely suspected and
usually first recognized at autopsy, largely because they

are not recognized during routine or pre-participation
screening, as the affected subjects are often asymptomatic
(Fig. 65.16).8,88

The available clinical data suggest that myocardial
ischemia in young athletes with aortic sinus coronary
artery anomalies probably occurs in infrequent bursts,
which may be cumulative with time. This view is supported
by normal ECG patterns in patients who had postmortem
pathologic evidence of acute myocardial ischemic damage
and/or chronic ischemic injury with replacement-type
fibrosis.83 Thus, repetitive ischemic episodes may result
in patchy myocardial necrosis and fibrosis, which could
predispose to lethal ventricular tachyarrhythmias by creat-
ing an electrically unstable myocardial substrate with
increased structural and functional tissue heterogeneity.
Considering that trained athletes perform intense physical
exercise many times before any fatal event, it is most
likely that critical impairment of coronary flow to the
myocardium occurs only sporadically.

Pathogenesis
Although the exact pathophysiology of this decreased
blood flow is not fully understood, several potential mech-
anisms have been proposed to explain exercise-related
myocardial ischemia and SD in patients with wrong sinus
coronary anomalies: the acute take-off angle and kinking
or torsion of the coronary artery as it arises from the aorta
and passes between the great vessels (Fig. 65.16(b));89
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(a) (b)

Fig. 65.16. A 15-year-old male Italian soccer player with a history of exertional syncope 1 year before death, who died suddenly while

running during the second half of a game. (a) A 12-lead ECG performed 10 months before death, as part of routine pre-participation

screening, is within normal limits. (b) View of the aortic root; the right coronary artery arises normally from the right aortic sinus (arrow),

and the left main coronary artery arises anomalously from the right sinus with an acute angle take-off producing a slit-like lumen

(arrowhead). (With permission from ref. 83.)



flap-like closure of the abnormal slit-like coronary
orifice;90 compression of the anomalous coronary artery
between the aorta and pulmonary trunk (Fig. 65.15),87

especially during exercise-induced distention of the sinus
of Valsalva;91 and spasm of the anomalous coronary
artery, possibly as a result of endothelial injury.92 The con-
sequent myocardial ischemia, exacerbated by increased
myocardial oxygen requirements during exertion, in par-
ticular in the presence of tissue heterogeneity caused by
previous incidents, may trigger and sustain life-threaten-
ing ventricular arrhythmias and SD.86

Moreover, in some patients the proximal portion of the
anomalous coronary artery is essentially intramural (i.e.,
within the aortic tunica media), which can further aggra-
vate the coronary obstruction, particularly with expansion
of the aorta during exercise.83

Prevention
A strategy for clinical identification of wrong sinus coronary
artery anomalies in young athletes has been proposed.83 If
the index of suspicion is sufficiently high because of the
presence of potential clinical markers such as exertional
syncope or chest pain, even in the setting of both a normal
12-lead ECG and maximal exercise test, the anatomy of
these malformations should be defined non-invasively
by transthoracic or transesophageal echocardiography.
Pelliccia et al.93 demonstrated that echocardiographic
imaging of left and right coronary arteries is feasible and
reliable in a substantial proportion of young athletes
(�95%). Consistently, identification of coronary artery
origins should be generally included as part of any routine

echocardiographic examination.85 Further anatomic def-
inition, if warranted, may be obtained by coronary angio-
graphy or possibly with magnetic resonance imaging94 or
computed tomography.95

Myocardial bridging

General
Myocardial bridging (MB) occurs when a band of cardiac
muscle overlies a segment of a coronary artery, the ‘intra-
mural’ segment being referred to as a “tunneled artery.”
Usually, the coronary vessels course over the epicardial
surface of the heart but may dip into the myocardium for
varying lengths and then reappear on the heart’s surface.82

The left anterior descending coronary artery is by far the
most often bridged vessel; however, diagonal branches are
occasionally involved, as well as the posterior descending
right coronary artery or marginal branches of the circum-
flex artery (Fig. 65.17).82

Risk
Systolic compression of the left anterior descending
coronary artery is a well-recognized angiographic phe-
nomenon.96 There is, however, a wide discrepancy in
pathological data on MB incidence, ranging from 15% to
85% of the population,97,98 and angiographic observa-
tions, from 0.5% to 2.5%.96,99 This large discordance sug-
gests that only a minor fraction of patients with MB are
at risk for clinical symptoms. Moreover, among patients
with angiographically documented systolic narrowing of a
coronary artery, a substantial percentage (�50%) have
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(a) (b)

Fig. 65.17. Coronary angiogram of a patient with myocardial bridging of the left anterior descending coronary artery in the right anterior

oblique position. (a) An absence of constriction during diastole is shown. (b) This depicts the redistribution of blood during systole, also

referred to as “milking effect” (arrow). (With permission from ref. 82.)



concomitant LV hypertrophy, HCM, atherosclerotic, or
valvular heart disease, which independently affect clinical
outcome as well as treatment strategy.100 Finally, among
patients with isolated MB documented at angiography,
only about two-thirds exhibit a �50% narrowing of the
vessel during systole.100

Pathogenesis
The progressive increase in LV wall tension, with matura-
tion may explain, at least in part, why MB – even if present
from birth – produces symptoms only later in life.100

Typically, patients are predominantly male, 5 to 10 years
younger than patients with symptomatic coronary disease,
and they tend to have severe anginal symptoms.82 When
symptom-limited exercise electrocardiograms are per-
formed, a significant ischemic ST segment depression is
identified in 28% to 67% of patients.82 Consequently, such
anomalies may have important clinical implications
during intense athletic activity (Fig. 65.18).82 Indeed, tun-
neled coronary arteries are occasionally the sole abnor-
mality found at autopsy and are within the most frequent
10 abnormalities responsible for SCD in athletes.7,18

MB has been associated with other concomitant cardio-
vascular abnormalities, in particular HCM.100 In both con-

ditions, myocardial ischemia has been recognized as the
predominant arrhythmogenic substrate.101 MB with com-
pression of an epicardial coronary artery96 occurs in 30% to
50% of adults who have HCM.102

Until recently, visual interpretation of coronary
angiograms only revealed systolic narrowing if induced
by significant MB of a coronary artery. Coronary flow,
however, occurs predominantly during diastole; therefore,
it appeared unlikely that this systolic phenomenon would
itself cause pronounced myocardial ischemia.

With the advent of quantitative coronary angiography,
intravascular ultrasonography, and intracoronary Doppler
flow velocity measurements, it has become possible to
identify diastolic hemodynamic disturbances in MB
patients.103 There is mounting evidence for a diastolic
time-lag during which the previously compressed coro-
nary vessel remains underfilled (30% to 75% of diastole).81

This prolongation of compression well into diastole is
likely to compromise myocardial perfusion, and will have
a greater effect in young adults and children, especially
during exercise, because their heart rates are faster and
diastolic perfusion times are shorter.81

Two mechanisms are regarded as responsible for the
reduced coronary flow reserve in distal vessels and for
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(a) (b)

Fig. 65.18. Electrocardiogram obtained during exercise testing in a patient with myocardial bridging and induced myocardial ischemia

and ventricular arrhythmia. After 9 minutes of a treadmill exercise test, ST segments were normal (Panel (a)) and the patient’s heart rate

was 131 beats per minute. After 9 minutes and 36 seconds, the patient’s heart rate was 141 beats per minute and the electrocardiogram

showed acute elevation of the ST segment in lead V1 and depression of the ST segment in leads II, aVF, V5, and V6, followed by rapid

ventricular tachycardia and ventricular fibrillation (Panel (b)). (With permission from ref. 81.)



clinical symptoms and signs of myocardial ischemia: (1) a
phasic systolic vessel compression with persistent mid-to-
late reduction in diameter in diastole and (2) increased
intracoronary Doppler flow velocities with abnormal
qualitative flow profiles. Qualitative analysis of the
Doppler flow profile shows a highly characteristic pattern
in approximately 90% of MB patients, with abrupt early
diastolic flow acceleration, termed “finger tip” phenome-
non (Fig. 65.19).

As an alternative or additional mechanism, vasospastic
coronary constriction may be associated with MB.105 The
systolic compression of the vessel may produce endothelial
damage, especially at high heart rates, which may stimulate
platelet aggregation and enhance coronary vasospasm.
These alterations, particularly in association with aggravat-
ing factors such as increased heart rate, pressure, and pre-
existing coronary vasospasm, may explain the occurrence
of symptoms and myocardial ischemia in patients with
symptomatic MB.82

Myocardial damage resulting from chronic ischemia
may cause diffuse fibrosis and increasing disarray of
myocardial fibers, which may secondarily create an
arrhythmogenic substrate. Yetman et al.81 documented
a higher incidence of VT on Holter ambulatory monitor-
ing in MB patients. In addition, ischemic ST segment
changes that culminate in VT have been observed in
at least one patient with MB (Fig. 65.18). Finally, a
greater degree of QTc dispersion is present in patients
with MB.81 These patients have a larger incidence
of ischemia, which may lead to an arrhythmogenic
substrate in association with abnormal and variable
repolarization.

Treatment
Three different treatment strategies are available medical
therapy, percutaneous coronary intervention, and direct
surgical myotomy or coronary bypass grafting. Medical
therapy is the first and principal strategy.82 It usually
includes �-blockers, calcium channel blockers, and
antiplatelet agents, with the objective of relieving symp-
toms and signs of myocardial ischemia and/or protecting
against the risk of future coronary events.

Stables et al.106 demonstrated that intracoronary stent
implantation can achieve internal stabilization of the coro-
nary artery lumen against external compression by MB.
Prior to the availability of coronary stenting, surgical
myotomy was regarded as the surgical treatment of choice
for patients with persistent symptoms.82 Alternatively,
internal mammary artery anastomosis to the distal vessel
segment may be a suitable treatment in patients with
unsuccessful coronary stenting or in-stent restenosis.107

Atherosclerotic coronary artery disease

General
Several pathological studies have demonstrated that coro-
nary atherosclerotic disease, complicated by thrombosis,
is the most common morphological substrate of acute
coronary events and SD in adults of the general popula-
tion.108,109 In line with this finding, atherosclerotic CAD is
the most common cause of SD in athletes �35 years of
age.110,111 In younger subjects, even after stringent pre-
participation screening, coronary atherosclerosis is the
second most common cause of SCD, accounting for 18% of
SD in the athletic population (Table 65.3).8
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Fig. 65.19. Intracoronary Doppler blood flow velocity profile showing the characteristic “finger-tip”-like flow velocity acceleration during

early diastole (single arrow) followed by a plateau phase at mid-to-late diastole (arrows in (a) and (b)). During systole, there is almost no

flow within the bridged segment, but a retrograde flow phenomenon occurs at the entry site of the myocardial bridge (horizontal arrows

in (a)). During rapid atrial pacing, absolute diastolic flow velocities are increased, and the duration of the plateau phase is reduced owing

to shortened diastole (c). (With permission from ref. 104.)



SD due to premature CAD occurs predominantly in the
older segment of under 35-year-old athletes, and in non-
athletes (29.1�5 years; Table 65.4).4 Premature CAD is
associated with a high risk of sports-related SD (relative
risk 2.6; Fig. 65.3).4

Pathogenesis
Few studies have addressed the pathological lesions of coro-
nary atherosclerosis and pathophysiological mechanisms
of fatal myocardial ischemia in young people.13 Single-
vessel obstructive CAD, mostly affecting the proximal left
anterior descending coronary artery, is most commonly
observed in young adults and athletes (Fig. 65.20).4,13 This
finding probably reflects early development of CAD, which
only later in life will progress and become a more general-
ized obstructive process. In this context, previous necropsy

studies in adult and elderly victims of sudden coronary
death showed a high frequency of multivessel CAD.108,109

The increase in myocardial oxygen demand, in the pres-
ence of fixed supply, may be the mechanism underlying
exercise-induced arrhythmias and SD. The absence of
angina pectoris and ECG-documented ischemic changes
in the history of the patients suggests that the obstructive
coronary plaques, observed at histology, may not be flow-
limiting in vivo at rest.13 The dynamic nature of the patho-
physiology of coronary events has led to the recognition
that superimposed acute lesions create a setting in which
alterations in the metabolic or electrolyte state of the
myocardium may lead to disturbed electrical activity.9 The
coexistence of both such factors during, and immediately
after, physical exertion could account for the higher inci-
dence of SD in athletes.

A modification in flow dynamics may induce mechani-
cal injury to the vessel wall and explain the propensity for
obstructive plaque localization at the proximal tract of the
left anterior descending coronary artery, just below the left
main coronary artery bifurcation, where flow velocity is
critically reduced and wall shear stress is increased.112

Thus, in subjects from 1 to 20 years of age, the proximal left
anterior descending coronary artery is most prone to the
formation of fibrocellular intimal thickenings and early
non-obstructive coronary plaques,113 as confirmed by an
autopsy study on young trauma victims 
35 years old.114

In most of the young victims of atherosclerotic CAD-
induced SD, obstructive plaques are fibrous, with a
stratum of smooth muscle cell hyperplasia occupying up to
46% of the total plaque cross-sectional area (Fig. 65.21).13

These fibrocellular plaques represent an early stage of
mature atheromatous plaques.115

Acute thrombosis is present in only 22% of obstructive
plaques in athletes and young adult victims of sudden
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Fig. 65.21. Proximal left anterior descending coronary artery of a 30-year-old man who died suddenly.

(a) Histology showing an obstructive eccentric fibrous plaque at the origin of the first diagonal branch.

Note the preserved tunica media. Azan stain, original magnification�25. (b) Close-up of the boxed area

showing a layer of intimal cell hyperplasia. Azan stain, original magnification�200. (With permission

from ref. 13.)

Fig. 65.20. Fresh occlusive thrombosis of the proximal anterior

descending coronary artery superimposed by an eccentric

atheromatous plaque with a large lipid core in a 33-year-old man

who died suddenly. Azan stain, original magnification�25. (With

permission from ref. 13.)



coronary death, a much lower frequency than that observed
in older adults, where 73% of plaques are complicated by
thrombosis.13 A normal tunica media and a layer of intimal
fibrocellular hyperplasia in the absence of thrombosis may
represent the potential substrate accounting for coronary
hypervasoreactivity.13 The normally thick tunica media is an
anatomic prerequisite for preserved vasomotor reactivity in
the atherosclerotic coronary artery. Constrictive coronary
hyperreactivity accompanies both experimental116 and clin-
ical117 accelerated atherosclerosis, which shows many simi-
larities to the smooth muscle cell hyperplasia overlying the
fibrous plaques observed in the young.

Prevention and treatment
CAD is the primary cause of SCD in the adult; therefore,
prevention and treatment are discussed in dedicated chap-
ters. It is less common in the young but the mechanism and
therefore the therapeutic approach and prevention strate-
gies are the same.

Coronary vasospasm

General
Coronary vasospasm is a potential trigger of transient
myocardial ischemia118 which, in turn, may precipitate
VT/VF and cause SCD (Fig. 65.22).119

Risk
Coronary vasospasm is a rare cause of SCD in athletes.18,120

Pathophysiology
Coronary artery spasm and modulation of coronary collat-
eral flow may be linked to local endothelial dysfunction,
which exposes the myocardium to the double hazard of
transient ischemia and reperfusion.121 Smooth muscle cell
hyperplasia has been described as a distinctive feature in
coronary plaques retrieved by directional atherectomy
from patients with unstable angina, and may provide an
alternative mechanism to thrombus formation precipitat-
ing myocardial ischemia at rest and during competition.122

Neurogenic influences are also likely to play a role, but do
not appear to be a sine qua non factor to trigger spasm.
Vessel susceptibility and humoral factors, particularly
those related to platelet activation, also appear to be
important contributors.9

Prevention and treatment
As before, this has been extensively discussed elsewhere in
the book. Also, the pathophysiology of this entity is largely
speculative, and will not be addressed in detail here.

Valvular heart disease

Aortic stenosis

General
The natural history of aortic stenosis is typically character-
ized by a long asymptomatic period during which the
degree of stenosis increases. In 1968 Ross and Braunwald
showed that the risk of SCD is low (3–5%) in asymptomatic
patients.123 More recently, a prospective study showed that
SCD did not occur in any of 123 asymptomatic patients fol-
lowed for 2.5 years.124 Accordingly, in the absence of cardiac
symptoms, survival is excellent without valve replacement.

Risk and diagnosis
The prognostic value of hemodynamic and electrophysio-
logical testing is limited. Clinical manifestations of aortic
stenosis include syncope, angina pectoris and/or dyspnea.
Both syncope and SCD are exertional in many patients but
it is not clear if syncope is a necessary and/or reliable pre-
dictor of SCD.125 The difficulty is to predict the natural
history of aortic stenosis in an asymptomatic patient since
the risk of SCD is low.125 The degree of stenosis, amount of
calcification and severity of LV hypertrophy can be used to
predict the speed of progression of stenosis requiring sur-
gical intervention.126

Once symptoms develop, the prognosis worsens dra-
matically and the incidence of SCD among symptomatic
patients rises to 8–34%.123,126,127 Analysis of Holter ECG in
seven patients who died suddenly demonstrated the pres-
ence of VT in six patients, while only in one patient was
death associated with bradyarrhythmia.128

Prevention
Restriction of physical activity should be advised in
patients with moderate and especially with severe aortic
stenosis.125 Such a policy resulted in the absence of SCD
related to aortic stenosis over 20 years of pre-participation
screening in northeast Italy, as demonstrated by Corrado
et al.4 In the absence of such screening, aortic stenosis
accounts for 2.6% of SCD in athletes.18 In line with this
reasoning the following recommendations for athletic par-
ticipation have been proposed:129

1. Athletes with mild aortic stenosis (
20 mmHg) can par-
ticipate in all competitive sports.

2. Athletes with mild to moderate aortic stenosis (21 to
40 mmHg) should participate in low or moderate inten-
sity sports only.

3. Athletes with severe aortic stenosis (�40 mmHg) or
symptoms should not engage in any competitive sports.
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4. Athletes with bicuspid aortic valve, even without steno-
sis but with aortic dilatation, can participate in low
intensity sports only. Serial 6-monthly echocardio-
graphic monitoring of aortic root and ascending aorta
is recommended.

Treatment
Prevention of SCD is one of the goals of surgical treatment
of aortic stenosis. If surgery is considered in order to
reduce the risk of SCD, however, this risk must outweigh
perioperative mortality and known complications of
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Fig. 65.22. Life-threatening ventricular arrhythmias associated with acute myocardial ischemia related

to coronary artery spasm and reperfusion. (a) Continuous lead II electrocardiographic monitor

recording during ischemia (time 0 to 55 seconds) caused by spasm of the right coronary artery. There is

an abrupt transition (time 56 to 72 seconds) from repetitive ventricular ectopy to a rapid polymorphic,

prefibrillatory tachyarrhythmia (time 80 to 130 seconds) associated with nitroglycerin-induced reversal

of the spasm. (b) and Closed arrows, site of spasm before and after nitroglycerin; open arrow, lower

grade distal lesion. (With permission from ref. 9.)



prosthetic valves.130 On this ground, surgical intervention
is usually deferred until clinical symptoms occur.

Mitral valve prolapse

General
Mitral valve prolapse is equally common in men and
women, although men seem to have a higher incidence of
complications, including infective endocarditis, severe
mitral regurgitation, cerebrovascular ischemic events, and
SCD.131,132 Mitral leaflet thickening greater than 5 mm (that
is classic prolapse) is associated with a 14-fold higher risk
of complications, including SD.131

Risk
The risk of SCD is relatively low (40 in 10 000)133 – twice the
incidence expected in the general population – and the
causal relation between mitral valve prolapse and SD is
not fully resolved. Nonetheless, increased risk of SD is
observed in patients with severe mitral regurgitation
and/or severe valvular deformation,131,133 depressed LV
function,134 QT interval prolongation,135 and a history of
syncope and palpitations. The presence of severe mitral
regurgitation with a flail segment appears to carry a partic-
ularly high risk of SCD (up to 2% per year).134

Prevention and treatment
The mechanism of SD in mitral valve prolapse appears to
be linked to the presence of VT. Therefore, it is prudent to
disqualify from competitive sports athletes with mitral
valve prolapse associated with a history of ventricular
arrhythmias.18,136

Nevertheless, most patients with mitral valve prolapse
have an excellent prognosis with an expected survival
similar to that of the general population.131,132 Indeed, most
patients do not develop symptoms or significant echocar-
diographic abnormalities, and most asymptomatic
patients with mitral valve prolapse can be followed con-
servatively.132 Neither their activity level nor lifestyle need
to be restricted; to the contrary, routine exercise may be
preferable.132

Marfan syndrome

General
This autosomal dominant disorder is relatively frequent
(2–3 per 10000) and occurs in all races and ethnic
groups.137 Marfan syndrome, with its characteristic pheno-
type resulting from excessive growth of the long bones
and joint laxity, may be underdiagnosed, particularly in
populations of elite basketball players.120 SD in Marfan

syndrome is commonly due to aortic dissection.138 Even
with the discovery of the genetic and biochemical basis of
the condition, the diagnosis of Marfan syndrome outside
families with the classic phenotype remains entirely clini-
cal.120 Athletes with Marfan syndrome can participate suc-
cessfully in strenuous competitive sports for many years
without experiencing a catastrophic event, presumably
before aortic dilatation becomes marked and the predis-
position to dissection or rupture increases critically.
Treatment with �-blockers is thought to reduce the risk of
progressive aortic dilation and SD.139

Risk
A large cohort of patients with Marfan syndrome, followed
by a single institution to assess long-term outcome,
demonstrated a significant incidence of ventricular
arrhythmias.140 Patients were started on medical manage-
ment early in the course of their disease, mainly �-blockers
and angiotensin converting enzyme inhibitor. A high
prevalence of LV dilation with associated abnormalities
of repolarization was documented. Over an average
follow-up period of 24 years, few patients required surgical
intervention. The mortality rate from presumed arrhyth-
mogenic death was 4%, exceeding by far the rate of aortic
rupture.140 Such repolarization abnormalities may account
for the increased risk of ventricular ectopy and possibly
SCD.

Prevention and treatment
Patients with Marfan syndrome and ventricular dysrhyth-
mias may be at particularly high risk for SCD. Accordingly,
aggressive treatment modalities including amiodarone or
ICDs may be warranted in selected patients.

SCD involving functional abnormalities

About 2% of young athletes who die suddenly have normal
cardiac structure at autopsy, and no definitive cause of
death can be established.7,141

Ion channelopathies

The list of congenital and acquired arrhythmias, secondary
to mutations or polymorphisms in genes encoding for
cardiac ion channels, has expanded impressively in recent
years. These ion channel disorders include long QT syn-
drome (LQTS), short QT syndrome (SQTS), Brugada syn-
drome and CPVT, atrial fibrillation (AF), and conduction
system disease (Table 65.5). Recent studies have suggested
that a small proportion (5–10%) of SD in infants is also
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linked to ion channelopathies, including LQTS, SQTS and
Brugada syndrome.142,143

Clinical diagnosis is generally made by identification of
the disease phenotype on standard 12-lead ECG. Some of
these cases have previously been classified as idiopathic
VF, a category describing syndromes for which a mecha-
nistic understanding is lacking.

Long QT syndrome

General
LQTS is characterized by the appearance of long QT inter-
vals in the ECG, an atypical polymorphic VT known as
Torsades de Pointes, and a relatively high risk for SCD.144

Congenital LQTS is subdivided into seven genotypes, dis-
tinguished by mutations in at least six different ion
channel genes and a structural anchoring protein located

on chromosomes 3, 4, 7, 11, 17, and 21.145–147 Timothy syn-
drome, classified by some as LQT8, is a rare congenital dis-
order characterized by multiorgan dysfunction, including
prolongation of the QT interval, lethal arrhythmias,
webbing of fingers and toes, congenital heart disease,
immune deficiency, intermittent hypoglycemia, cognitive
abnormalities, and autism. Timothy syndrome has been
linked to mutations in Cav1.2, which encodes for a portion
of the calcium channel.148

The estimated prevalence of this disorder is 1–2:10 000.
The ECG diagnosis is based on the presence of pro-
longed repolarization (QT interval) and abnormal T wave
morphology.149 Cardiac events are often precipitated by
physical or emotional stress, but may also occur at
rest. The mainstay of therapy is represented by antiadren-
ergic intervention with �-blockers. For patients unre-
sponsive to this approach, ICD implantation and/or
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Table 65.5. Genetic disorders secondary to ion channelopathies

Ventricular Rhythm Inheritance Locus Ion Channel Gene

Long QT TdP AD

syndrome (RW) LQT1 11p15 IKs KCNQ1, KvLQT1

LQT2 7q35 IKr KCNH2, HERG

LQT3 3p21 INa Nav1.5 ,  SCN5A

LQT4 4q25 ANKB, ANK2

LQT5 21q22 IKs KCNE1, minK

LQT6 21q22 IKr KCNE2, MiRP1

LQT7 (Andersen-Tawil 17q23 IK1 KCNJ2, Kir 2.1

syndrome)

LQT8 (Timothy syndrome) 6q8A ICa-L Cav1.2

LQT syndrome (JLN) TdP AR 11p15 IKs KCNQ1, KvLQT1

21q22 IKs KCNE1, minK

Brugada syndrome VT/VF AD 3p21 INa Nav1.5 , SCN5A

3p22–25

Short QT syndrome VT/VF AD 7q35 IKr KCNH2, HERG

SQT1 SQT2 11p15 IKs KCNQ1, KvLQT1

SQT3 17q23.1–24.2 IK1 KCNJ2, Kir2.1

Catecholaminergic VT CPVT1 VT AD 1q42–43 RyR2

CPVT2 VT AR 1p13–21 CASQ2

Supraventricular

Atrial fibrillation AF AD 10q22

AD 11p15 IKs KCNQ1

Atrial standstill SND, AF AD 3p21 INa SCN5A

Cardiac conduction disorders

Progressive conduction CCD1 AVB AD 3p21 INa Nav1.5, SCN5A

disease 16q23–24

19q13.2–13.3

Abbreviations: AD: autosomal dominant, AF: atrial fibrillation, AR: autosomal recessive, AVB: atrioventricular block, AVRT:

atrioventricular re-entrant tachycardia, JLN: Jervell and Lange–Nielsen, LQT: Long QT, RW: Romano-Ward, SND: sinus node dysfunction,

TdP: Torsades de Pointes, VF: ventricular fibrillation, VT: ventricular tachycardia, CPVT: catecholaminergic polymorphic ventricular

tachycardia.



cardiac sympathetic denervation represent the therapeu-
tic alternative.150

Genetics
Two patterns of inheritance have been described: 1) a rare
autosomal recessive disease associated with deafness
(Jervell and Lang-Nielsen), caused by two genes that
encode for the slowly activating delayed rectifier potas-
sium channel (KCNQ1 and KCNE1); and 2) the much
more common autosomal dominant form known as the
Romano Ward syndrome, caused by mutations in eight dif-
ferent genes, including KCNQ1 (KvLQT1; LQT1); KCNH2
(HERG;LQT2); SCN5A (Nav1.5; LQT3); ANKB (LQT4);
KCNE1 (minK; LQT5); KCNE2 (MiRP1; LQT6); KCNJ2;
Kir2.1; (LQT7; Andersen’s syndrome) and CACNA1C
(Cav1.2; LQT8; Timothy syndrome). Six of the eight genes
encode for cardiac potassium channels, one for the cardiac
sodium channel (SCN5A) and one for a protein called
Ankyrin B, which is involved in anchoring of ion channels
to the cellular membrane (ANKB).

Acquired LQTS refers to a syndrome similar to the con-
genital form, but caused by exposure to drugs that prolong
the duration of the ventricular action potential (AP)151 or
QT prolongation secondary to cardiomyopathies such as
DCM or HCM, as well as to abnormal QT prolongation
associated with bradycardia or electrolyte imbalance.152

Pathophysiology
A number of studies point to amplification of spatial
dispersion of repolarization within the ventricular
myocardium as principal arrhythmogenic substrate in
both acquired and congenital LQTS. The accentuation of
spatial dispersion, typically secondary to an increase of
transmural, trans-septal, or apicobasal dispersion of repo-
larization, and the development of early afterdepolariza-
tion-induced triggered activity underlie the substrate and
trigger for the development of Torsades de Pointes arrhyth-
mias observed under LQTS conditions.153 Models of LQT1,
LQT2, and LQT3 have been developed by using the canine
arterially perfused LV wedge preparation. These models
suggest that in these three forms of LQTS, preferential pro-
longation of the M cell AP duration (APD) leads to an
increase in the QT interval as well as an increase in trans-
mural dispersion of repolarization (TDR), which con-
tributes to the development of spontaneous as well as
stimulation-induced Torsades de Pointes.154

Genotype-phenotype correlation studies point to
major differences among patients with the three most
common LQTS loci (LQT1, LQT2, LQT3), which account
for approximately 95% of all genotyped patients.
Genotype-specific ECG patterns have been identified155

and the environmental triggers for cardiac events have
been shown to be gene-specific: LQT1 patients experi-
ence 97% of cardiac events during physical activity, as
opposed to LQT3 patients who present the majority of
cardiac events at rest. Moreover, auditory stimuli and
arousal have been shown to be relatively specific triggers
for LQT2 patients, whereas swimming leads to cardiac
events in LQT1 patients.156

The response to sympathetic activation displays a very
different time-course in LQT1 and LQT2, both in experi-
mental models and in the clinic.153,157 In LQT1, isopro-
terenol produces an increase in TDR that is most
prominent during the first 2 minutes, but which persists,
although to a lesser extent, during the steady-state.
Incidence of Torsades de Pointes is enhanced during the
initial period as well as during the steady-state. In LQT2,
isoproterenol produces only a transient increase in TDR
that persists for less than 2 minutes, so that Torsades de
Pointes incidence is enhanced only briefly. In LQT3,
�-adrenergic stimulation abbreviates APD of all cardiac
cell types, reducing TDR and suppressing Torsades de
Pointes,158 thus providing an explanation for the preva-
lence of cardiac events in LQT3 patients at rest. These
observations help to explain the important differences in
autonomic activity and other gene-specific triggers that
contribute to events in patients with different LQTS geno-
types as well as the genotype-specific response to treat-
ment with �-blockers.159,160

Prevention and treatment
Because of the great heterogeneity in clinical expression of
LQTS, individualized patient management is required.
Evaluation is geared toward discerning which asympto-
matic family members are affected and who among the
affected individuals harbors a “ticking time bomb.”
Prohibition of competitive sports is one of the biggest
issues facing families of children and adolescents diag-
nosed with LQTS, even though physical activity poses no
risk to some patients with this disorder. Unfortunately,
clinical testing cannot always accurately determine indi-
viduals at risk; while LQT1 and LQT2 patients are univer-
sally restricted from high-exertion sports, many LQTS
experts support participation in “recreational sports with
moderate exertion” in properly treated LQTS patients.

Brugada syndrome

General
The Brugada syndrome, first described in 1992, is charac-
terized by an accentuated coved-type ST segment eleva-
tion, or J wave, appearing principally in the right precordial
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leads (V1-V3), often followed by a negative T wave, and a
high incidence of SCD secondary to a rapid polymorphic
VT or VF.161 The ECG sign of the Brugada syndrome is
dynamic and often concealed, but can be unmasked by
potent sodium channel blockers such as ajmaline, fle-
cainide, procainamide, disopyramide, propafenone, and
pilsicainide.162 The syndrome may also be unmasked or
precipitated by a febrile state, vagotonic agents, �-adren-
ergic agonists, �-adrenergic blockers, tricyclic or tetra-
cyclic antidepressants, a combination of glucose and
insulin, and hypokalemia, as well as by alcohol and
cocaine toxicity.163

Clinical manifestations of the disease (syncope or cardiac
arrest) generally appear in the third to fourth decade of life,
although malignant forms with childhood or neonatal onset
have been reported.164 Cardiac events typically occur during
sleep or at rest.165 The disease is inherited as an autosomal
dominant trait but there is a striking male to female ratio of
10:1 in the occurrence of clinical manifestations. These
gender differences have been attributed to differences in the
intensity of the transient outward current (Ito).14

Genetics
Familial autosomal dominant and sporadic forms have
been linked to mutations in the �-subunit of the cardiac
sodium channel gene, SCN5A (the same gene responsible
for LQT3) in 20% of patients with the Brugada syndrome.
Another locus was reported on the short arm of chromo-
some 3, but no gene has been identified.

Sudden unexplained nocturnal death syndrome, found
predominantly in young Southeast Asian males (i.e., from
Thailand, Japan, Philippines, and Cambodia), is a disorder
causing SD during sleep due to VT/VF. Sudden unex-
plained nocturnal death and Brugada syndrome have been
shown to be phenotypically, genetically, and functionally
the same disorder.

Pathophysiology
The arrhythmogenic substrate responsible for the devel-
opment of extrasystoles and polymorphic VT in the
Brugada syndrome is thought to be secondary to amplifi-
cation of phase 1 (early AP repolarization)-mediated notch
in the RV epicardial AP. Rebalancing of the currents active
at the end of phase 1 is thought to underlie the accentua-
tion of the AP notch in RV epicardium, which is responsi-
ble for the augmented J wave and ST segment elevation
associated with the Brugada syndrome (see ref. 166 for
details). The ST segment is normally close to isoelectric
due to the absence of major transmural voltage gradients
at the level of the AP plateau. Accentuation of the RV AP
notch under pathophysiologic conditions leads to exag-

geration of transmural voltage gradients and thus to accen-
tuation of the J wave, or to J point elevation. If the epicar-
dial AP continues to repolarize before that of the
endocardium, the T wave remains positive, giving rise to a
saddleback configuration of the ST segment elevation.
Further accentuation of the notch is accompanied by a
prolongation of the epicardial AP causing it to repolarize
after the endocardium, thus leading to inversion of the T
wave.

The down-sloping ST segment elevation, or accentuated
J wave, observed in experimental wedge models, often
appears as an R’, suggesting that the appearance of a right
bundle branch block morphology in Brugada patients may
be due in large part to early repolarization of RV epi-
cardium, rather than major delays in impulse conduction
in the right bundle.167 Despite the appearance of a typical
Brugada sign, accentuation of the RV epicardial AP notch
alone does not give rise to an arrhythmogenic substrate.
The arrhythmogenic substrate may develop with a further
shift in the balance of currents, leading to loss of the AP
dome at some epicardial sites but not others. Marked TDR
develops as a consequence, creating a vulnerable window,
which when captured by a premature extrasystole can
trigger a re-entrant arrhythmia. Because loss of the AP
dome in epicardium is generally heterogeneous, epicardial
dispersion of repolarization develops as well. Conduction
of the AP dome from sites at which it is maintained to sites
at which it is lost may cause local re-excitation via phase 2
re-entry, leading to the development of a closely coupled
extrasystole capable of capturing the vulnerable window
across the ventricular wall, thus triggering a circus move-
ment re-entry in the form of VT/VF.168 Support for these
hypotheses derives from experiments involving the arteri-
ally perfused RV wedge preparation168 and from recent
studies in which monophasic AP electrodes were posi-
tioned on the epicardial and endocardial surfaces of the RV
outflow tract in patients with the Brugada syndrome.169,170

Prevention and treatment
An ICD is the most widely accepted approach to therapy.
ICD implantation is not an appropriate solution for infants
and young children, however, or for patients residing in
regions of the world where an ICD is out of reach because
of economic factors. Although arrhythmias and SCD gener-
ally occur during sleep or at rest, associated with slow
heart rates, a potential therapeutic role for cardiac
pacing remains largely unexplored. A recent report by
Haissaguerre and coworkers171 points to focal radiofre-
quency ablation as a potentially valuable tool in controlling
arrhythmogenesis by focal ablation of the ventricular pre-
mature beats that trigger VT/VF in the Brugada syndrome.
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Data relative to a cryosurgical approach or the use of abla-
tion therapy are very limited at this time.

A pharmacologic approach to therapy, based on a rebal-
ancing of currents active during the early phases of the epi-
cardial AP in the right ventricle to reduce the AP notch
and/or restore the AP dome, has been a focus of basic and
clinical research in recent years. Because the presence of a
prominent transient outward current, Ito, is central to the
mechanism underlying the Brugada syndrome, the most
rational approach to therapy, regardless of the ionic or
genetic basis for the disease, is partial inhibition of Ito.
Cardioselective and Ito-specific blockers are not currently
available. The only agent on the market with significant Ito-
blocking properties is quinidine. It was therefore suggested
as a therapeutic approach for treatment of this syn-
drome.172 Experimental studies have shown quinidine to be
effective in restoring the epicardial AP dome, thus normal-
izing the ST segment and preventing phase 2 re-entry and
polymorphic VT in experimental models of the Brugada
syndrome.168 Clinical evidence of the effectiveness of quini-
dine in normalizing ST segment elevation in patients with
the Brugada syndrome has been reported.173,174

The effects of quinidine in preventing inducible and
spontaneous VF were recently reported by Belhassen and
coworkers174 in a prospective study of 25 Brugada syn-
drome patients. These results are consistent with those
reported by the same group in prior years175 and more
recently by other investigators.176,177 The data highlight the
need for randomized clinical trials to assess the effective-
ness of quinidine, preferably in patients with frequent
events who have already received an ICD.

Agents that boost the calcium current, such as �-adren-
ergic agents like isoproterenol, are useful as well.166,168,178

Isoproterenol, sometimes in combination with quinidine,
has been shown to normalize ST segment elevation in
patients with the Brugada syndrome and in controlling
“electrical storms,” particularly in children.173,179 A recent
addition to the pharmacological armamentarium is the
phosphodiesterase III inhibitor, cilostazol,178 which nor-
malizes the ST segment, most likely by augmenting
calcium currents as well as by reducing Ito secondary to an
increase in heart rate.

Other than isolated anecdotal reports of exertion-
induced VT/VF, no data exist concerning the risk of parti-
cipation in sports. Accordingly, patients with the Brugada
syndrome at present are not excluded or restricted from
participating in sports. This fact notwithstanding, because
bradycardia and increased vagal activity are both known to
predispose to the development of ST segment elevation
and arrhythmogenesis in Brugada syndrome patients, a
case can be made for avoiding these manifestations of a

well-trained athlete. Thus, adaptation of the cardiac auto-
nomic nervous system to training, which results in
increased vagal activity and/or withdrawal of sympathetic
activity, may enhance the propensity of athletes with
Brugada syndrome to die suddenly at rest, during sleep, or
immediately after exercise.180

Short QT syndrome

General
In 2000, Gussak et al.181 proposed SQTS as a new clinical
entity. Short-QT syndrome is an inherited syndrome char-
acterized by a QTc�300 ms and high incidence of VT/VF in
infants, children, and young adults.182 The familial nature
of this syndrome was confirmed by Gaita et al. in 2003.183

Genetics
The first genetic defect (SQT1) responsible for the SQTS,
reported by Brugada et al. in 2004, involved two different
missense mutations (substitution of one amino acid for
another) resulting in the same amino acid substitution in
HERG (N588K), which caused a gain of function in the
rapidly activating delayed rectifier channel, IKr.

184 A second
gene (SQT2) was recently reported by Bellocq et al.185 A
missense mutation in KCNQ1 (KvLQT1) was found to cause
a gain of function in the slowly activating delayed rectifier
potassium current (IKs). A third gene (SQT3), involving
mutations in KCNJ2, the gene that encodes for the inward
rectifier channel, was found to cause a gain of function in
the inwardly rectifying potassium current (IK1), leading to
an abbreviation of QT interval. SQT3 is associated with QTc
intervals of 
330 ms, not quite as short as SQT1, and SQT2.

Pathophysiology
SQTS is also characterized by the appearance of tall peaked
symmetrical T waves in the ECG. The augmented Tpeak–Tend

interval associated with this electrocardiographic feature of
the syndrome suggests that TDR is increased. Recent data
collected using a ventricular wedge model of SQTS has pro-
vided evidence to support the hypothesis that an increase
in outward repolarizing current can preferentially abbrevi-
ate endocardial/M cell APD in the left ventricle and this
increases TDR and thus creates the substrate for re-entry.186

The potassium channel opener pinacidil causes heteroge-
neous APD abbreviation among the different cell types
spanning the ventricular wall, thus creating a substrate for
VT under conditions associated with short QT intervals.
Polymorphic VT could be readily induced with pro-
grammed electrical stimulation. The increase in TDR was
further accentuated by isoproterenol, leading to easier
induction and more persistent VT/VF. The latter is probably
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due to the reduction in the wavelength of the re-entrant
circuit, which reduces the path-length required for maint-
enance of re-entry.186

Therapy
Because of the recent identification of the short QT syn-
drome as a new clinical entity, the approach to therapy is
still evolving. An ICD is clearly the therapy of choice in
patients with syncope and a positive family history of SCD.
Nonetheless, ICD therapy in patients with a short QT syn-
drome has an increased risk for inappropriate shock deliv-
ery due to T wave oversensing secondary to the presence of
tall peaked T waves. A variety of drugs, including sotalol,
ibutilide, flecainide, and quinidine, have been tested in
SQT1. Quinidine was the only drug that effectively sup-
pressed the gain-of-function of IKr leading to a prolonga-
tion of the QT interval and rendering VT/VF non-inducible.
Quinidine has been proposed as an adjunct to ICD therapy
and is a possible alternative treatment, especially for chil-
dren and newborns.187 At present there is little evidence on
which to base a restriction of activity of patients with SQTS.
Events have been reported at rest, during exertion, exercise
and during sleep.

Wolff–Parkinson–White syndrome

General
Wolff–Parkinson–White (WPW) syndrome is caused by
accessory atrioventricular (AV) connections, bypassing the
AV-node and His bundle. WPW is rarely associated with
other congenital cardiac anomalies.

Pathophysiology
The short anterograde effective refractory period of the
accessory pathway allows extremely rapid ventricular
responses during AF, with the risk of deterioration into
VF.188 Anterograde effective refractory periods 
250 ms are
considered unfavorable in symptomatic patients.189

Patients with WPW have an SCD risk of less than 1 in 1000
per year of follow-up.190 Most survivors of SCD have expe-
rienced arrhythmias before the event but, in up to 10%,
SCD may occur as first manifestation.191

Prevention and treatment
For symptomatic patients, catheter ablation is now first-
choice therapy with �95% effectiveness.192 If ineffective,
antiarrhythmic drugs prolonging the anterograde effective
refractory period of the accessory pathway, or cardiac
surgery, are the only alternatives. Consensus remains
that in asymptomatic patients catheter ablation is not
indicated.193

In many cases, the resting ECG shows pre-excitation.
The athlete with a WPW pattern on the ECG and no symp-
toms of palpitations, syncope, or presyncope represents a
more difficult problem. It is thought that although these
individuals have a lifelong risk of developing arrhythmias,
the risk of developing a fatal arrhythmia is quite low; there-
fore, most experts do not advise routine electrophysiologic
testing of these individuals or exclusion from physical
activity.194,195 Electrophysiological testing and ablation
therapy is recommended in special circumstances, such as
family history of SCD, high risk profession (e.g., pilot), or
athletes who may be at higher risk for developing AF.125

Catecholaminergic polymorphic ventricular tachycardia

General
In 1975, Coumel et al.196 described four cases of severe ven-
tricular arrhythmias in children with normal QT intervals.
VT/VF was reproducibly induced by any form of sympa-
thetic stimulation and termed catecholaminergic poly-
morphic ventricular tachycardia (CPVT). A remarkable
feature of CPVT is its high lethality, demonstrated by the
occurrence of 19 juvenile SCD in 10 affected families and
by the occurrence of appropriate ICD shocks in 6 of 12
patients implanted with an ICD, over a follow-up period of
�2 years.197

Genetics
The recent identification of mutations of the cardiac ryan-
odine receptor gene (RyR2), underlying CPVT,198 lends
support to the hypothesis that stress-induced life-threat-
ening arrhythmias, occurring in the structurally intact
heart, are phenotypical variants of the same disease.
Cardiac ryanodine receptor gene mutations have been
identified in a similar proportion of patients with bidirec-
tional VT (36%), polymorphic VT (58%), and cate-
cholaminergic VF (50%), suggesting that the diagnosis of
CPVT may extend to all patients with polymorphic VT or VF
occurring in the structurally intact heart in the absence of
a prolonged QT interval (Fig. 65.23).197 Mutations of RyR2
have been identified in subjects who had unexplained
cardiac arrest during physical or emotional stress, without
arrhythmias inducible at exercise stress testing or Holter
monitoring.197

Pathophysiology
A diagnosis of CPVT should be considered in subjects of all
ages with idiopathic polymorphic ventricular arrhythmias
occurring during exercise or emotional stress in the
absence of structural abnormalities or prolonged QT inter-
val.197 In athletes with structural heart disease and

Sudden death in athletes 1175



syncope, the cause of the syncope should be presumed to
be arrhythmic, and athletes should be treated similarly to
those who have experienced resuscitated SD, unless
another clear diagnosis explains syncope.199 In athletes
without known structural heart disease, syncope during
peak exertion should warrant an extensive work-up.

Interestingly, the age of onset of syncope is significantly
lower in patients with RyR2 CPVT than in patients with
non-genotyped CPVT; however, the mean age of SD
among individuals in families with RyR2 CPVT suggests
that, if not identified and treated during childhood, the
disease becomes lethal in early adulthood.197 A strong pre-
dominance of symptomatic female subjects has been
observed among patients with non-genotyped CPVT,
whereas male sex appears to be a strong risk factor (rela-
tive risk, 4.2) for syncope in patients with RyR2 CPVT.197

The morphology of the ventricular arrhythmias is inde-
pendent of the genetic defect, as demonstrated by the
presence of discordant phenotypes in individuals with the
same mutation.197

Prevention and treatment
Analogies may exist between CPVT and LQTS,197 and
further genetic research is required for clarification.
CPVT patients must comply with medical therapy, namely
�-blockers. ICD treatment may become part of therapy,
although attention should be given to the catecholaminer-
gic effects of ICD shock delivery. As in LQTS, ICD should
therefore not be implanted without concomitant adminis-
tration of �-blockers.

Right ventricular outflow tract tachycardia

General
This VT appears to originate from the RV outflow tract
and has the characteristic ECG of a left bundle brunch

block contour in V1 and inferior axis in the frontal plane
(Fig. 65.24).

Pathophysiology
Vagal maneuvers, including administration of adenosine,
terminate the VT, whereas exercise, stress, isoproterenol
infusion, and rapid or premature stimulation can initiate
or perpetuate the tachycardia. The mechanism responsi-
ble may be cyclic adenosine monophosphate-triggered
activity200 resulting from early or delayed afterdepolar-
izations. Two types can be distinguished: paroxysmal VT
and repetitive monomorphic VT. The paroxysmal type is
exercise-induced, whereas the repetitive monomorphic
type occurs at rest with sinus beats interposed between
runs of non-sustained VT that may be precipitated by
transient increases in sympathetic activity unrelated to
exertion.

Therapy
Radiofrequency catheter ablation can eliminate tachycar-
dia in 83% to 100% of patients.201

Familial atrial fibrillation

AF is the most common sustained arrhythmia encoun-
tered in the clinic (in part at least, because in contrast to VF
it is compatible with life). AF is usually secondary to
ischemic heart disease, hypertension, or congestive heart
failure. In a fraction of cases (3–30%) no underlying cardio-
vascular disease is apparent and in some AF appears to be
familial. A locus on chromosome 10, linked to familial AF,
was described in 1997, but the specific gene has not yet
been identified. More recently, familial AF has been identi-
fied as an autosomal dominant trait, linked to mutations in
KCNQ1, and associated with LQTS, SQTS, and Brugada
syndromes.203
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Fig. 65.23. Examples of bidirectional (a) and polymorphic ventricular tachycardia (b) degenerating into

ventricular fibrillation in patients with catecholaminergic ventricular tachycardia. (With permission

from ref. 197.)



Conduction system disease

A progressive cardiac conduction defect, also known as
Lev-Lenegre disease, is characterized by escalating impair-
ment of conduction in the His-Purkinje system, leading to
widening of the QRS complex. Conduction block can give
rise to long pauses and/or bradycardia that may cause
syncope. Sick sinus syndrome is a disorder phenotypically
similar to progressive cardiac conduction defect. Familial
occurrence of both syndromes has been reported, with an
autosomal dominant pattern of inheritance. An ionchan-
nelopathy in the form of SCN5A mutations is thought to
contribute to these defects.

Idiopathic VF

In some patients, neither underlying disease nor distinct
electrophysiologic abnormalities or electrolyte or meta-
bolic derangements may be demonstrable. VF in these
conditions is referred to as “idiopathic”.204 Idiopathic VF is
a diagnosis by exclusion. Therefore, it can only be made
when thorough clinical evaluation does not provide evi-
dence for structural heart disease or other known causes of
VT/VF. This does not necessarily imply that a patient’s
heart is completely free of any structural or functional
abnormality, but merely that if an abnormal finding (e.g.,

first-degree AV block or AF) is present, it is not considered
responsible for the VF episode.121

Because idiopathic VF is unlikely to represent a homoge-
neous disease, future research may identify specific causes
in certain subsets, as was the case for LQTS and CPVT.
Current consensus is that some minor abnormalities,
unknown to be associated with the occurrence of VF, do not
rule out the diagnosis. A combined Task Force of the
Unexplained Cardiac Arrest Registry of Europe and
Idiopathic Ventricular Fibrillation Registry of the US121 has
summarized a variety of minor abnormalities that may be
compatible with a diagnosis of idiopathic VF.

Previously, prognosis was considered excellent.205

There appeared to be agreement that only symptomatic
patients with recurrent arrhythmia should be treated.
Initially, no particular efforts were directed toward identi-
fication of high-risk subgroups or SCD prevention. Data
from several more recent studies, however, suggest recur-
rence rates of VF, syncope, or cardiac arrest varying from
25% to 43% over longer follow-up.121,205 In the early 1990s,
Wever et al.205 were the first to report results of a prospec-
tive study on patients with primary electrical disease who
survived a VF episode. The major finding was the high
recurrence rate of life-threatening events during long-
term follow-up, often in young patients (
35 years). In a
subsequent study on survivors of out-of-hospital cardiac
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arrest due to idiopathic VF, this finding was confirmed.204

During an average 77 months of follow-up, 43% of
patients had recurrent episodes of syncope, documented
ventricular tachyarrhythmia, or SCD (Fig. 65.25). Mean
age was 35 years and retrospective analysis showed that 9
of 37 patients (24%) could have been classified as having
Brugada syndrome.

SCD involving externally caused pathologies

Myocarditis

General
Myocarditis is an insidious disease that is usually asymp-
tomatic; thus, important clues to its epidemiology come
from postmortem studies.206 Such studies suggest that
myocarditis is a major cause of SD, accounting for approx-
imately 20% of cases in adults 
 40 years of age,207 including
young athletes.208 In addition, prospective and retrospec-
tive studies have identified myocardial inflammation in 1%
– 9% of routine postmortem examinations.209

Pathophysiology
Initially, selected viruses were implicated by demon-
stration of rising antibody titers in the serum of patients
during acute myocarditis and convalescence.210 Recently,
however, the enterovirus genome has been identified
in the myocardium of patients with myocarditis and
patients with DCM.211 Enterovirus and enterovirus-like
RNA sequences have also been identified in endomyo-

cardial biopsy specimens from patients with clinically
suspected myocarditis and from those with idiopathic
DCM.212

Prevention and treatment
Myocarditis is difficult to diagnose clinically and may
be suggested in the absence of symptoms on the basis of
ECG abnormalities alone, which include heart block and
ventricular arrhythmias.213 Reverse-transcriptase–poly-
merase-chain-reaction assays allow identification of a viral
genome in endomyocardial biopsy specimens.214 Although
myocarditis usually has an infectious origin, it can also be
a consequence of drug abuse.215,216

Bed rest should be considered during viremia, in contrast
with non-inflammatory DCM, although this recommenda-
tion is based solely on animal studies, and on the observa-
tion that myocarditis is often lethal in young athletes.213

Commotio cordis

General
Induction of arrhythmias, including SCD, by non-pene-
trating chest wall impact in the absence of structural injury
to the ribs, sternum, and heart is known as Commotio
cordis (CC). First described in the European medical litera-
ture during the 19th century,217–219 CC was initially associ-
ated with workplace accidents, involving falls or impacts
by tools and animal body parts. Since the twentieth
century, the focus of CC has shifted almost entirely to
sporting activities.220

The incidence of lethal CC in contemporary sports has
traditionally been estimated to be
5 deaths per annum in
the US,220 but under-reporting and misclassification of
deaths is likely to occur, and the true number of deaths due
to relatively mild chest wall impacts may be significantly
higher. Indeed, in the last 5 years, the number of reported CC
victims has increased in the US to 20 per annum (probably
due to better awareness and reporting), with up to 20% of
deaths on the athletic field caused by chest wall impact.18, 221

Clinical profile
The US CC Registry in Minneapolis, established in 1996,
has documented in detail more than 170 cases. CC victims
have a mean age of 14 years (80%�18 years),220 and it is
thought that young athletes are at particular risk because
of their more pliable chest wall that facilitates the trans-
mission of chest impact energy to the myocardium. With
age, the thoracic cage stiffens and the chest wall absorbs
more of the impact energy. Males comprise 95% of the
victims, a proportion seemingly too high to be accounted
for solely by the predominance of males in sports.
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In the US, the most common sporting activity causing
CC is baseball (�50%). Other sports include softball, ice
hockey, and lacrosse; in each of these sports the impact
object is a solid projectile. CC is rarely reported after blows
from air-filled balls such as used in European soccer and
American football. In these sports, CC is mostly caused by
chest blows with a body part such as a knee, elbow, head,
or fist (as in karate).

While organized competitive sports account for about
60% of all CC lethalities, some 20% occur in non-competi-
tive recreational athletic activities, often during play with
peers. The remainder of events occur during routine activ-
ities, parental disciplining, playful boxing, gang rituals, or
blows by plastic projectiles or playground swings.

Pathophysiology
Collapse after impact is either immediate (�50%), or
occurs following a brief period of consciousness, often
marked by extreme lightheadedness. In the 74 cases
from the CC Registry in which a postcollapse rhythm was

documented, 48 showed VF. After prolonged cardiopul-
monary resuscitation, asystole is common.220 In the few
survivors, in whom a 12-lead ECG was available, marked
ST segment elevation, especially in the anterior leads, was
observed, which resolved over time without development
of Q-waves or elevation of myocardial enzymes.

Although CC initially was reported to be almost invari-
ably fatal, survival now appears to approach 15%, includ-
ing some cases with spontaneous resolution (see Fig.
65.26).221 The greater likelihood of survival is probably
related to at least two factors. The first is a reversal of a bias
to report only fatal cases: we are becoming aware of many
non-fatal cases with either spontaneous or defibrillated
recovery. The most important determinant of increased
survival is probably due to the better recognition of CC in
the community, however, which translates into more
timely cardiopulmonary resuscitation and defibrillation.
Of 78 Registry events in which resuscitation was initiated
within 3 minutes, 25% survived (compared to only 8% in
which resuscitation was delayed for�3 minutes).
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Experimental insight
Early experimental efforts generally focused on relatively
severe chest wall trauma, such as that typically seen with
victims of motor vehicle accidents, falls from heights, and
bomb blasts.217,218 In these models, morphologic cardiac
damage was typically produced. Riedinger and Kümmell
first distinguished between Cardiac Contusion (in which
structural cardiac damage is present) and Commotion
(where the heart remains intact).218 The first systematic
experimental insight into CC came from Schlomka’s exten-
sive experimental research222 which highlighted the intrin-
sic cardiac nature of heart rhythm responses to precordial
impact, and which suggested coronary vasospasms as a
cause of arrhythmia in CC (reviewed in detail elsewhere).219

This concept had to be revised in recent years, largely as
a result of the introduction of a new sophisticated porcine
model, developed to clarify the mechanism of CC.223 In this
model, ventricular arrhythmias, including VF, can be pro-
duced by controlled (timing, location, amplitude) chest
wall impact with a baseball in the absence of structural
damage to the heart.

When impacts caused VF, this was not preceded by ven-
tricular tachycardia, heart block, or ischemic ST changes
(Fig. 65.27). One of the most important determinants of VF
is the timing of the chest impact in the cardiac cycle. If a
49 km h–1 (30 mi h–1) projectile impact occurs during a 20-
ms window on the upslope of the T wave, approximately
30% of strikes will initiate VF. Impacts occurring outside of
this narrow window, but still on the upslope of the T-wave,
trigger VF only in 5% of cases, while blows at all other
times of the cardiac cycle (including the down-slope of the
T wave) do not result in VF.224 Also of note, non-sustained
bursts of VF are occasionally induced, as well as transient
complete heart block. Non-sustained VF always termi-
nated within 10 s (once it persisted �10 s, defibrillation

was required), and heart block was never permanent
(usually lasted
5 beats). These non-sustained arrhythmic
episodes may account for cases of CC in which collapse
after the chest blow is transient, and recovery occurs spon-
taneously within 10 to 20 s.220

Other important variables predisposing to CC include the
site and velocity of the chest blow. For example, VF will not
occur with a chest blow outside of the cardiac silhouette,
while impacts at the center of the cardiac silhouette are
most likely to provoke VF. Impacts near the base and the
apex only occasionally trigger VF; at all other sites on the
chest, including the right and left thorax and back, blows
will not induce VF.225 CC events occur over a wide range of
velocities in humans, ranging from minor blows to impacts
from hockey pucks or lacrosse balls, at impact velocities of
up to 160 km h–1 (100 mi h–1). Of note, in the above porcine
model, when the velocity of impacts is increased to 65 km h–1

(40 mi h–1), the frequency of VF increases dramatically, up to
70%. On raising impact velocity further to 80–110 km h–1

(50–70 mi h-1), however, VF becomes less frequent, despite
an increased occurrence of cardiac structural damage.226

The mechanism for decreased vulnerability for CC at partic-
ularly high impact velocities is unresolved, but it may be
related to the requirement for a critical mass of myocardial
tissue that is not affected by the mechanical stimulus to
sustain re-entrant arrhythmias, reduced overall heterogene-
ity with increasing impact strength, or possibly to critical LV
pressure changes produced by the chest wall blow.

Immediately following impact, segmental and transient
wall motion abnormalities were observed at the apex, a
region distant from the area of precordial impact.223

Immediate (within 60 s) coronary angiography did not
reveal any epicardial coronary artery abnormalities,223

thereby directly contradicting the “coronary vasospasm”
theory of Schlomka.222
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Fig. 65.27. ECG (lead I, top) and left ventricular pressure recording (LVP, bottom), obtained from an anesthetized pig, subjected to a

precordial impact that coincided with the upstroke of the T-wave. Note the swiftness of mechanical induction of VF and loss of

contractility (within one cardiac cycle). (With permission from ref. 223.)



Cellular mechanisms of CC
In humans and in experimental models it appears that VF,
initiated by a chest wall blow, may underlie SCD observed
in the context of CC. Induction of VF by a chest blow in the
absence of structural damage to the heart is a primary elec-
trical event, rather than secondary to other factors such as
structural heart block, myocardial ischemia, or hemor-
rhage. Given the swift electrical response to an impact, CC
is likely to act via effects on cardiac ion channels.

Myocardial stretch is a probable contributor to the VF
in CC,227 potentially mediated via an increase in LV
pressure,225,226 as peak probability of VF was seen at LV
pressures between 250 and 450 mmHg. The rapid rise in
ventricular pressure observed in this setting may mediate
ion channel activation via myocardial stretch, compres-
sion, membrane deformation, or possibly by direct action
on the ion channels themselves.

Because of certain electrical similarities between CC and
myocardial ischemia, such as ST segment elevation, a pos-
sible contributor is the K�

ATP channel. This is particularly
plausible since, on the one hand, K�

ATP channels are
understood to be primarily responsible for ST segment
elevation and to affect the risk of VF in myocardial
ischemia,228 while the same channel population is also
mechanosensitive.229 Indeed, glibenclamide (a blocker of
K�

ATP channels), reduces the magnitude of ST segment ele-
vation with QRS strikes, and the incidence of VF following
strikes at the upstroke of the T-wave,230 suggesting that
activation of this channel by chest wall impact is critical for
the initiation and/or maintenance of VF in CC.

Other channels231 may be activated by myocardial
stretch, and in this way underlie the genesis of ventricular
arrhythmias following chest blows. Cation non-selective
stretch-activated channels (SAC) in particular would seem
to be likely candidates for the initiation of VF with chest
wall blows227 since their activation causes depolarization

that may trigger AP in resting cardiomyocytes.232 This
theory has recently been addressed in a randomized and
blinded study, with streptomycin, a convenient blocker of
SAC in isolated myocytes (at 40 �M; at higher concentra-
tions streptomycin also blocks L-type calcium channels
and several potassium channels).233 In whole animal
experiments, streptomycin had no significant effect on the
frequency of VF induction, yet the magnitude of ST
segment elevation was depressed by the drug.

Interestingly, a recent report highlights the ambiguity of
streptomycin effects in native tissue, and suggests that SAC
(but not L-type calcium channels) may be protected in situ
from the blocking effect of streptomycin.235 An alternative
drug to dissect the possible role of SAC in situ would be
GsMTx-4, a peptide isolated from the Chilean tarantula
toxin, which has been shown to be highly selective and effi-
cient in blocking mechanically promoted AF in isolated
heart.236 Its limited availability and exceedingly high cost
make whole animal experiments with this drug difficult,
but with the emergence of isolated heart models of CC,234

it is to be hoped that this concern will be addressed in the
not too distant future (Fig. 65.28).

Illicit substance abuse

Sudden unexpected death, non-fatal stroke, and acute
myocardial infarction in trained athletes have been attrib-
uted to the abuse of cocaine, anabolic steroids, and dietary
and nutritional supplements.237,238 Dietary supplements
such as ma huang (Ephedra sinica), a herbal source of
ephedrine, which is a potentially arrhythmogenic cardiac
stimulant, are also often taken to enhance athletic perfor-
mance.238 Ephedra was initially found in a Neolithic grave
in the Middle East, which may indicate that Ephedra was
used as a medicine more than 60 000 years ago. In China,
Ephedra was the first herbal remedy to yield an active
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Fig. 65.28. Guinea pig isolated heart ECG, illustrating the electrophysiological response to left ventricular mechanical impact during the

T-wave. The stimulus (arrow) causes a short run of ventricular fibrillation (VF), preceded and followed by normal sinus rhythm (NSR).

(With permission, ref. 234.)



constituent, in this case ephedrine. Causal linkage
between the use of dietary supplements and cardiovascu-
lar events is largely inferential, based on a close temporal
relation between the ingestion of the compound and
adverse events in otherwise healthy people (see also
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid�hstat1a.
section.41090).

Cocaine

With more than 30 million Americans having tried cocaine
at least once, and with a reported 5 million regular users,239

a better understanding of the magnitude of this cardiac
risk is important from a public health perspective.

Illicit use of cocaine is often associated with acute car-
diovascular events, including stroke, myocardial infarc-
tion, coronary thrombosis, arrhythmia, and SD.237 Cocaine
induces an increase in the three major determinants of
myocardial oxygen demand: heart rate, systemic arterial
pressure, and LV contractility. At the same time, the inges-
tion of even small amounts of the drug causes vasocon-
striction of epicardial coronary arteries.240 Cocaine also
increases endothelial production of endothelin241 and
decreases production of nitric oxide242 – effects that may
cause or enhance vasoconstriction.

In addition to vasoconstriction, cocaine may induce
thrombus formation in the coronary arteries.243 Its use is
associated with enhanced platelet activation and aggrega-
bility244 as well as increases in the concentration of plas-
minogen-activator inhibitor,245 which may contribute
to thrombogenesis. Taken together, these concomitant
factors explain why cocaine has been associated with an
increased risk of a myocardial infarction (24 times) in the
first hour after its use in persons who are otherwise at low
risk.246

Long-term cocaine abuse has been reported to cause LV
hypertrophy247 and systolic dysfunction. Several reports
have described DCM in long-term cocaine users, as well
as reversible, profound myocardial depression after
binge cocaine use.248 Moreover, chronic cocaine ingestion
presents a clinical and pathological profile similar to
myocarditis.18

The profound repetitive sympathetic stimulation
induced by cocaine bears comparison with that observed
in patients with pheochromocytoma; both are associated
with cardiomyopathy and characteristic microscopic
changes of subendocardial contraction band necrosis.216

Finally, the concomitant administration of drugs and
infectious agents may cause myocarditis or endocarditis,
which has been seen on occasion in postmortem studies of
intravenous cocaine users.215,249

Anabolic steroids, dietary and nutritional supplements
(particularly ephedrine-containing compounds)

Several reports link the adverse response of ma huang to
concurrent use of caffeine, guarana (a source of caffeine
and theophylline) or exercise.238 Moreover, over the last few
years, several studies examining substance use patterns,
particularly among student populations, have shown an
increase in use of steroids abuse.250,251

The real incidence of androgenic anabolic steroids is dif-
ficult to evaluate, but it has been suggested that more than
1 million Americans are current or former users.252

Unfavorable cardiovascular events have been linked to
both cocaine and anabolic-androgenic steroid abuse in
healthy, physically active individuals. Steroid intake has
been associated with vascular complications,253 cardiomy-
opathy,254 coronary atherosclerosis,255 and cardiac hyper-
trophy,256 and in several clinical reports, intake was
associated with acute myocardial infarction.257,258

Despite the above indications, only 9 SCD cases had
been examined and confirmed at autopsy by 2001.259 The
mechanism proposed for SCD in athlete consumers of
anabolic-androgenic steroids is related to the adrenergic
stress imposed to the heart, which is documented by the
extensive early contraction band necrosis, triggered by
terminal physical efforts.260

Athletes taking anabolic steroids tend to have increased
QT intervals and an increase in QT dispersion, contributing
to an increased risk of arrhythmic events.261 Moreover,
endomyocardial biopsy specimens have revealed increased
fibrous tissue and fat droplets in the myocardium of ana-
bolic steroid abusers.262

Even if the cause-effect relationship among anabolic-
androgenic steroids, body-building, and myocardial infarc-
tion currently lacks solid clinical evidence, the concept of
cardiac arrest caused by catecholamine myotoxicity, asso-
ciated with VF, is supported by an experimental study in
which anabolic steroids, administered in combination with
exercise training, induced degenerative changes within the
intracardiac sympathetic neurons of the mouse.263 It is not
surprising, therefore, that concomitant abuse of anabolic
steroids and cocaine greatly enhances the risk of cardiovas-
cular events. Indeed, testosterone at concentrations that
have no effect on their own can potentiate the cocaine
effect on endothelial and platelet functions.264

Healthcare implications

Physical inactivity and a sedentary lifestyle have been rec-
ognized as risk factors for the development or progression
of coronary heart disease and for adverse cardiovascular
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and non-cardiovascular events and death.1,265 Further-
more, regular aerobic exercise and fitness have many car-
diovascular benefits in both men and women,266,267 and
reduce the risk of fatal or non-fatal myocardial infarction,
as well as other coronary events.1,265 Accordingly, regular
exercise is being regarded as a means of primary and sec-
ondary prevention of CAD and, consequently, promoted
(regardless of age) as a public health goal.265

Nonetheless, the consequences of exercise are more
complex than they might seem at first, since vigorous phys-
ical exertion can be regarded as a two-edged sword.268

Besides offering protection from coronary events and SCD
in those who regularly engage in exercise, it can simultane-
ously increase the short-term risk of SD or myocardial
infarction, particularly in persons who are not accustomed
to regular exercise (“weekend warriors”).269,270 Indeed, a
case-crossover cohort study confirmed a 17-fold increase
in SCD during vigorous exercise, compared to lower levels
of activity or inactive states.268 The absolute risk for events
was very low (1 event per 1.5 million exercise sessions),
however, and an active lifestyle with habitual vigorous exer-
cise markedly attenuated the risk (probably via blunting the
transient risk of SD associated with occasional intense
exertion).

A mechanism suggested to underlie the exercise-
induced risk is activation of the sympathetic nervous
system during physical exertion, which can destabilize vul-
nerable atherosclerotic plaques or, on the ground of a sus-
ceptible myocardium, including exercise-induced rhythm
disturbances, trigger fatal arrhythmias.271

In contrast, regular modest physical activity enhances
myocardial electrical stability by promoting a higher vagal
tone, hence raising the threshold of VF (exceptions include
Brugada syndrome patients).

Sports participation screening

Recently the European Society of Cardiology (ESC)
released a consensus statement56 recommending system-
atic cardiovascular pre-participation screening of young
competitive athletes for the timely detection of cardio-
vascular abnormalities predisposing to sport-related
cardiac death. Following a previous consensus statement
from the American Heart Association,88 the ESC has pro-
moted a standard for medical evaluation of competitive
athletes. The recommended protocol for pre-participa-
tion cardiovascular screening includes a 12-lead ECG in
addition to medical history and physical examination
(Fig. 65.29), which is the only screening modality proven
to be effective in identifying athletes with HCM, and pre-
venting SD.4,8

The proposed strategy builds on the Italian experience
of mandatory and government-sponsored medical evalu-
ations, in which six million athletes participating in orga-
nized sports (�10% of the Italian population) are screened
annually by specially trained and certified sports medi-
cine physicians.8,20 This initiative has derived numerous
benefits for athletes, including recognition of the additive
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Fig. 65.29. Flowchart illustrating the screening protocol

proposed by the European Society of Cardiology. The initial

cardiovascular protocol includes family and personal history,

physical examination with determination of blood pressure, and

basal 12-lead ECG. Additional tests, such as echocardiography,

24-h Holter monitoring, or stress testing and cardiac MRI are

requested only for subjects who had positive findings at the initial

evaluation. In uncertain cases, invasive tests such as contrast

ventriculography (both right and left), coronary angiography,

endomyocardial biopsy, and electrophysiological study may be

necessary in order to confirm (or rule out) the diagnosis of

cardiovascular disease. Athletes diagnosed with clinically relevant

cardiovascular abnormalities are managed according to available

guidelines for assessing athletic risk. Angio, angiography EMB,

endomyocardial biopsy; EPS, electrophysiological study; MRI,

magnetic resonance imaging; SAECG, signal-averaged ECG.

(With permission from ref. 56.)



diagnostic power of the ECG in identifying certain cardiac
disease risks, particularly HCM.8 Similar results have also
been observed in large populations of young military
recruits in Italy with use of the same protocol (with an
ECG).272

Corrado et al.8 reported the 17-year experience from the
Center for Sports Medicine of Padua. During the period of
1979–1996, a consecutive series of 33 735 young athletes
(�35 years) underwent pre-participation cardiovascular
evaluation. Of these, 1058 were disqualified for medical
reasons: 621 (1.8%) because of clinically relevant cardio-
vascular abnormalities. The most frequent disqualifying
conditions were rhythm and conduction abnormalities
(38.3%); hypertension (27%); valvular diseases (21.4%);
and HCM (3.6%; Table 65.6). Less frequent reasons for non-
eligibility included DCM, congenital and rheumatic heart
diseases, and pericarditis.

Of the 33 735 athletes initially screened, 3016 (8.9%) were
referred for echocardiographic evaluation because of their
family history, abnormal physical findings, or ECG abnor-
malities.8 Twenty-two had definite evidence of HCM on
echocardiographic examination. No significant differ-
ences in the degree of LV hypertrophy were seen before and
after deconditioning. None of the 22 athletes who were dis-
qualified because they had HCM died during the follow-up
period.

Studies from the US have consistently identified HCM as
the most common cause of cardiac arrest in young com-
petitive athletes (up to 30%),7,273 whereas in the Italian
cohort of athletes HCM caused only one death. At the same
time, the prevalence of HCM among young non-athletes
who died suddenly was comparable between Italy and the
US.8,274 This provides indirect but strong evidence to
suggest that screening reduces SD from HCM by reducing
the prevalence of HCM among athletes.

Pre-participation cardiovascular screening has trad-
itionally been performed (in the US) by medical history

and physical examination, but without 12-lead ECG or
other non-invasive testing, which are requested largely at
the discretion of the examining physician.88,275 This screen-
ing method has been recommended by the Sudden Death
and Congenital Defects Committee of the American Heart
Association on the assumption that 12-lead ECG is not
cost-effective for screening a large population of young
athletes, because of its low specificity.88 The above screen-
ing strategy, however, may have a limited power to detect
potentially lethal cardiovascular abnormalities in young
athletes. One retrospective analysis of 134 high school and
collegiate athletes who died suddenly showed that cardio-
vascular abnormalities were suspected by standard history
and physical examination screening in only 3% of the
examined athletes and, eventually, less than 1% received
an accurate diagnosis.7

The Italian screening modality has proved more sensi-
tive than the current US protocol. Among the 22 Italian
athletes (20 males and 2 females, aged 20�4 years) who
were identified and disqualified because they had HCM,8

82% had shown ECG changes at pre-participation evalua-
tion, which included repolarization abnormalities (87.5%),
elevated QRS precordial voltages (69%), and abnormal
Q waves (31%). Moreover, premature ventricular beats
were recorded in 5 (23%). It is noteworthy that only 5 of
these 22 athletes (23%) had a positive family history, a
cardiac murmur, or both, at pre-participation evaluation.
These findings indicate that the Italian screening modality,
including 12-lead ECG, has 77% greater power for detect-
ing HCM, and it is expected to result in a corresponding
additional number of lives saved, compared with the AHA-
endorsed protocol. Taking into account this difference in
diagnostic power, a three times greater cost-effectiveness
has been estimated for the Italian screening strategy (com-
pared to the US) for identification and prevention of SD of
athletes with HCM alone.276,277

On the basis of currently available data, addition of
echocardiography would not seem significantly to improve
efficacy of the pre-participation screening in identifying
HCM. As reported by Pelliccia et al.278 routine echocardio-
graphic examination did not identify any additional HCM
case among 4450 athletes previously cleared by ECG at pre-
participation evaluation. There are also several limitations
that undermine echocardiographic recognition of ARVC,
in particular the technical difficulty in visualizing the right
ventricle and in assessing its function along with the exist-
ence of a wide age range and pathological features includ-
ing minor and localized structural abnormalities which
may nevertheless act as substrate for lethal arrhythmias.279

The 12-lead ECG, in contrast, offers the potential to
detect, or raise clinical suspicion of, other lethal condi-
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Table 65.6. Cardiovascular conditions responsible for
disqualification from competitive sports in 621 athletes in
Padua, 1979 to 1996

Condition Number (%)

Rhythm and conduction abnormalities 238 (38.3)

Systemic hypertension 168 (27.1)

Valvular diseases (including mitral-valve 133 (21.4)

prolapse)

Hypertrophic cardiomyopathy 22 (3.5)

Others 60 (9.7)

With permission from ref. 8.



tions, such as ARVC, DCM, LQTS, Brugada syndrome,
SQTS, and WPW syndrome. Overall, these conditions,
including HCM, account for up to 60% of SD in young com-
petitive athletes.4,7,8,18

Tools and targets for pre-participation screening will
continue to be developed further over time, and their
impact on mortality should be reassessed regularly. For
example, the Italian screening for ARVC showed that 82%
of athletes who died from this disease had a history of
syncope, ECG changes consisting of inverted T waves in
the right precordial leads, and/or ventricular arrhyth-
mias with a left bundle-branch block pattern.8 These ath-
letes were not identified at earlier pre-participation
screening, however, since ARVC was discovered relatively
recently (two decades ago) and remained underdiag-
nosed or was regarded with skepticism by cardiolo-
gists.280 The number of athletes with ARVC identified
and disqualified from active competition significantly
increased throughout 1992 to 2001, compared to the pre-
vious decade.277

Socioeconomic impact

Screening of large athletic populations may have a signifi-
cant socioeconomic impact. Strategies for implementing
the proposed screening program depend on the specific
socioeconomic and cultural background as well as on the
medical systems in place in different countries. The Italian
experience indicates that a comprehensive screening
program that includes 12-lead ECG is feasible, with the
side effect of reduced cost of 12-lead ECG in a setting of
mass screening. The cost of performing a pre-participation
cardiac history/physical examination by qualified phys-
icians has been estimated to be 20 Euros per athlete;
this rises to 30 Euros per athlete if the 12-lead ECG is
added. In Italy, the screening cost is covered by the athlete
or by his team, except for athletes under 18 years of age, for
whom the expense is sustained by the National Health
System. Costs of infrastructure and training courses for
pre-participation screening are not included in this calcu-
lation, and introducing a comprehensive coverage will
increase cost.

Diagnostic challenges: athlete’s heart vs.
cardiovascular disease

Structural changes
Regular physical training leads to cardiovascular adapta-
tions including both structural and functional changes,
which are referred to as “athlete’s heart.” Modifications
include structural remodeling, an increase in LV cavity size

and wall thickness by 10–20%, and an increase in LV mass
by up to 45% with preservation of systolic and diastolic
function.281 The abnormal cardiac dimensions associated
with athletic training are normally scaled to body-surface
area or lean body mass and are usually less pronounced in
female athletes.281,282

This physiological form of hypertrophy is regarded as a
benign adaptation to systematic athletic training, with no
overt adverse cardiovascular consequences.56,283 Other
physiological adaptations to training include a variety
of abnormal patterns on 12-lead ECG in about 40% of
athletes,284 some of which resemble cardiac diseases,
namely increased voltages, Q waves, and repolarization
abnormalities.284

The magnitude of physiological remodeling may be such
that in some highly trained individuals it may pose a chal-
lenge for differential diagnosis from cardiac diseases such
as HCM and ARVC (Fig. 65.30).32,281,285 A distinction
between physiological adaptation to exertion and cardiac
disease is important since in the attempt to minimize the
risk of SD, identification of cardiovascular disease trans-
lates into disqualification from further competitive sports
participation,56,136 so that both false-positive and false-
negative findings are undesirable.

Several studies have evaluated methods to differentiate
between HCM and physiological hypertrophy of the
athlete’s heart,32 often non-invasively by assessing the
reduction of cardiac mass after short periods of decondi-
tioning (usually 3 months),286,286 or by echocardiographic
measurement of diastolic filling.32 Further support, in
particular to avoid false-negative identification of cardiac
disease, may come from evaluation of family history.287

The absence of HCM in relatives does not exclude the
diagnosis, however, since the disease may be the result
of a de novo mutation responsible for the “sporadic”
form.288

In general, HCM patients have localized hypertrophy
with reduced cavity dimensions and evidence of impaired
diastolic function, whereas athletes develop symmetric
hypertrophy and have normal or slightly increased LV
cavity dimensions (Table 65.7). A small LV cavity dimen-
sion, enlarged left atrial diameter, abnormal diastolic filling
pattern, pathologic Q waves, and ST–T abnormalities on
the ECG are suggestive of HCM, whereas supranormal
metabolic exercise indices, such as peak oxygen consump-
tion �50 ml/kg per min or �20%, are most likely secondary
to physiological hypertrophy.289 Metabolic indices of exer-
cise provide a useful tool for differentiating between physi-
ologic hypertrophy and HCM since they are abnormal in
most patients affected by HCM regardless of the magnitude
of hypertrophy.289
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Functional changes
Physical activity increases vagal tone.290 This enhanced
parasympathetic activity is held responsible for a variety of
arrhythmias and conduction alterations observed in elite
athletes, which include premature atrial and ventricular
beats, supraventricular tachycardia, junctional rhythm,
and first-degree AV block (Mobitz type I). Alternatively,
intense endurance training has been shown to shift auto-
nomic modulation from parasympathetic to sympathetic
predominance,291 which may predispose to an electrical
instability of the ventricles and eventually trigger ven-
tricular tachyarrhythmias.292 Several ambulatory Holter
studies have shown a higher prevalence of ventricular
ectopic beats (70%) and frequent and/or complex forms
(25% to 63%), such as non-sustained VT and couplets, in
athletic populations.283,293

Arrhythmias can be a marker of heart disease and
therefore generate appropriate concern when observed in
athletes. Indeed, the clinical assessment and interpretation
of such arrhythmias may be difficult, since this may be the
only expression of potentially lethal cardiac diseases (such
as ARVC), myocarditis or even substance abuse.213,237,283 It
has been generally accepted that when frequent and/or
complex ventricular ectopic beats are detected in appar-
ently healthy persons who are thoroughly examined

non-invasively and are found free of structural heart
disease, it is a benign condition with a favorable prog-
nosis.293 A large study on almost 16 000 athletes seems con-
firmatory and extends that observation to extensively
trained young adults.283 Of the 355 athletes who had �3
premature ventricular contractions on 12-lead ECG or a
history of palpitations, only 7% harbored structural cardio-
vascular abnormalities. Nonetheless, structural heart
disease was 15 times more frequent in athletes with fre-
quent and complex VT than in those with less severe
arrhythmias.

Reversibility
The extreme alterations in cardiac dimensions evident in
some athletes have inevitably raised the question of
whether such exercise-related adaptations are truly phys-
iological and benign. Reverse LV remodeling is evident after
long-term detraining (deconditioning), with significant
reduction in cavity size and normalization of wall thick-
ness. Regression in cavity dimension and/or wall thickness
typically occurs within weeks to months after cessation
of competitive activity.285 A longitudinal echocardiographic
study, however, showed incomplete reversal and substan-
tial residual dilatation of the chambers in 20% of retired,
deconditioned athletes.294 Similarly, LV mass remained
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increased in about half of the former athletes.294 Although
firm evidence is lacking, we cannot exclude the possibility
that extreme ventricular remodeling associated with
intense exercise-related conditioning may represent an
irreversible consequence and may have adverse clinical
consequences in the long term.294,295 Unfortunately,
detraining is not usually monitored as efficiently as is active
athletic performance, which may contribute to incomplete
deconditioning and deficient reverse remodeling.

Reversibility of arrhythmias after deconditioning was
observed both in athletes with and without cardiovascu-
lar abnormalities.286 Biffi et al.286 assessed the impact of
deconditioning on ventricular arrhythmias in 70 athletes
who had �2000 premature ventricular contractions per
day and/or bursts of non-sustained VT on ambulatory
ECG recording. After a deconditioning period of at least
3 months, a second 24-h recording demonstrated a clear
reduction in arrhythmias for the group overall. Total pre-
mature ventricular contraction frequency decreased by
80%, couplets decreased by 80%, and the number of
non-sustained VT episodes decreased by 90%.
Reversibility of arrhythmia with deconditioning did not,
however, always indicate absence of structural heart
disease: 26% of patients who showed a clear decrease in
ectopy had heart diseases, including mitral valve pro-
lapse, myocarditis, DCM, and ARVC. In athletes with
heart disease, resolution of arrhythmias after detraining
could explain the mechanism by which the restriction of
these athletes from competition may reduce their risk for
SCD. Conversely, in athletes without cardiovascular
abnormalities, the reversibility of ventricular tachy-
arrhythmias and the absence of cardiac events in the
follow-up period support the benign clinical nature of
these arrhythmias as a functional expression of athlete’s
heart.286

Medicolegal implications

Once a cardiovascular abnormality is diagnosed, the rec-
ommendations of the 26th Bethesda Conference offer
clear criteria by which athletes should be withdrawn from
sports competition.296 The rationale for guidelines on
sports eligibility or disqualification is the evidence that
intense training and competition increases the risk of SD in
those athletes who harbor cardiovascular diseases and,
most importantly, that this risk is reduced after withdrawal
from athletic competition.4,8,88,297

Given the extreme diversity of conditions to which com-
petitive athletes are exposed and the intrinsic variability of
each cardiovascular disease, the precise risk of SD to which
a single individual is exposed cannot be identified with
certainty. Therefore, elite athletes with heart disease may
not appreciate the beneficial implications of medical
advice, and rather accept the risks than abandon their pro-
fessional career.297,298 Also, disqualification of athletes with
cardiovascular disease may be difficult to implement.297–299

An already difficult medical decision may be further
influenced by pressures exerted on the physician by the
athletes, their family members, team coaches, and poten-
tial sponsors. Athletes may also solicit multiple medical
opinions in attempts to regain eligibility (circumventing
diagnosis).299 At the same time, waivers of responsibility
that athletes may be willing to sign may not be recognized
as ethically and legally binding.296,297 A precedent for
resolving medicolegal disputes comes from the US where
an appellate court297 ruled that guidelines such as the
Bethesda Conference report296 can be used by physicians
to formulate appropriate decisions about an athlete’s
eligibility.

Recommendations for the eligibility of athletes without
cardiovascular abnormalities, but with frequent and/or
complex ventricular tachyarrhythmias, currently are not
available. It is nevertheless common practice to withdraw
such athletes for 3 to 6 months and then re-evaluate with
ambulatory Holter ECG monitoring. If the frequency
of ventricular tachyarrhythmias is significantly reduced
or abolished at the end of the detraining period, then ath-
letes are normally allowed to resume training and com-
petition. Close follow-up of such athletes is warranted
for the assessment of new symptoms or worsening of
arrhythmias.300

Conclusions

Regular moderate physical exercise has beneficial cardio-
vascular effects. Several prospective epidemiological
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Table 65.7. Echocardiographic features of athlete’s heart
and HCM

Athlete’s heart HCM

Maximal left ventricular wall 
 16 � 16

thickness (mm)

LVH pattern Concentric ASH/variable

Left ventricular cavity size Large Small

Diastolic function Normal Impaired

Left atrial size Normal Dilated

ASH, Asymmetrical septal hypertrophy; LVH, left ventricular

hypertrophy.

With permission from ref. 129.



studies consistently associate exercise with a reduced risk
of CAD and SCD. Despite the general health benefit of
regular exercise, young athletes can have a higher inci-
dence of SD than age-matched non-athletes. In young ath-
letes, a variety of cardiac diseases, largely congenital and
often rare, account for the majority of SCD. Sports activity
triggers manifestation of underlying cardiovascular dis-
eases, predisposing athletes to life-threatening ventricular
arrhythmias during physical exercise. It is therefore not
per se a cause of the increased mortality.

In most US reports that include autopsy data, HCM is the
most common underlying disease linked to these deaths.
In contrast, HCM is uncommon in Italian studies of SD on
the athletic field. A probable reason for this difference is
the compulsory pre-participation screening of young ath-
letes in Italy, which leads to early exclusion of HCM suffer-
ers from competitive sports. Instead, diseases that are
more difficult to screen, such as ARVC, have become most
common causes of SCD in North Italian athletes.

About 2% of young athletes who die suddenly have
normal cardiac structure at autopsy, and no definitive
cause of death can be established. The list of congenital
and acquired arrhythmias, secondary to mutations or
polymorphisms in genes encoding for cardiac ion chan-
nels, has expanded impressively in recent years and may
be largely responsible for such unexplained deaths. These
ion channel disorders include LQTS, SQTS, Brugada syn-
drome, CPVT, AF, and conduction system disease. SCD
may also be secondary to myocarditis, illicit substance
abuse, and direct mechanical insults, i.e., CC.

Provided that efficient health screening is imple-
mented, the impact on recreational and competitive
sports can be kept to a minimum. In keeping with this
view, the European Society of Cardiology has released a
consensus statement recommending systematic cardio-
vascular pre-participation screening of young competi-
tive athletes. The protocol includes a 12-lead ECG in
addition to medical history and physical examination,
which is the only screening modality proven to be effec-
tive in identifying athletes with HCM, and preventing SD.
Given the socioeconomic impact strategies for imple-
menting the proposed screening program, success will
depend on the specific socio-economic and cultural
background, as well as on the medical systems in place in
different countries.
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Part VII

Special issues in resuscitation





Introduction

Successful resuscitation attempts have brought extended,
useful, and precious life to many, and happiness and relief
to their relatives and loved ones. And yet there are occa-
sions when resuscitation attempts have merely prolonged
suffering and the process of dying. In a few cases, resusci-
tation has resulted in the ultimate tragedy – the patient in
a persistent vegetative state. It is to be remembered that
resuscitation attempts are unsuccessful in 70%–95% of
cases and death ultimately is inevitable. All would wish to
die with dignity.

A number of ethical decisions are required to ensure that
the decisions to attempt or withhold resuscitation are
appropriate and the patients and their loved ones are
treated with dignity. These decisions may be influenced
by individual, international, and local cultural, legal,
traditional, religious, social and economic factors.1–10

Sometimes the decisions can be made in advance, but
often they have to be made in a matter of seconds at the
time of the emergency. Therefore, it is important that
healthcare providers understand the principles involved
before they are put in a situation where a resuscitation
decision must be made.

This chapter will deal with the following ethical aspects
and decisions:
• Advance directives, sometimes known as Living Wills
• When not to start resuscitation attempts
• When to stop resuscitation attempts
• Decision making by non-physicians
• When to withdraw treatment in those in a persistent

vegetative state following resuscitation
• Decisions regarding active euthanasia

• Decisions regarding family members or loved ones who
wish to be present during resuscitation

• Decisions regarding research and training on the recently
dead

• The breaking of bad news to relatives and loved ones
• Staff support.
There are many different schools in medical ethics with
emphasis on different principles such as duty (deontology,
Kantian ethics), virtue, or the consequences of the deci-
sions (utilitarian). Most common in the Western world
today are the four principles of biomedical ethics, first pre-
sented by Beauchamp and Childress11 based upon discus-
sions in a US Presidential commission. The four key
principles are beneficence, non-maleficence, justice, and
autonomy.

Beneficence implies that healthcare attendants must
provide benefit while balancing benefit and risks.
Commonly, this will involve attempting resuscitation, but
on occasion it will mean withholding cardiopulmonary
resuscitation. Beneficence may also include responding to
the overall needs of the community, such as establishing a
program of public access to defibrillation.

Non-maleficence means doing no harm. Resuscitation
should not be attempted in futile cases, nor when it is
against the patient’s wishes (expressed when the individual
is in a mentally competent state).

Justice implies a duty to spread benefits and risks equally
within a society. If resuscitation is provided, it should be
made available to all who will benefit from it within the
available resources. Also the needs of others may be com-
promised if excessive resources are allocated to futile
attempts at resuscitation. The ethical principle of justice is
independent of legal systems or cultural traditions, but
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these two factors will affect how ethical justice is empha-
sized within a context.

Autonomy relates to the patients being able to make
informed decisions on their own behalf, rather than being
subjected to paternalistic decisions being made for them
by the medical or nursing professions. This principle was
introduced, particularly during the past 30 years, arising
from legislature such as the Helsinki Declaration of Human
Rights and its subsequent modifications and amend-
ments.12 Autonomy requires that the patient is adequately
informed, competent, free from undue pressure, and that
there is consistency in the patient’s preferences.

Advance Directives

Advance directives have been introduced in many countries
emphasizing the importance of patient autonomy. Advance
directives are a method of communicating the patient’s
wishes concerning future care, particularly towards the end
of life, and must be expressed while the patient is mentally
competent and not under duress. They are likely to specify
limitations concerning terminal care, including the with-
holding of cardiopulmonary resuscitation (CPR). The term
advance directive applies to any expression of patient pref-
erences, including mere dialogue between patient and/or
close relatives and loved ones and/or medical or nursing
attendants. This may help healthcare attendants to assess
the patient’s wishes in the event of the patient becoming
mentally incompetent. Nevertheless, problems can arise.
The relative may misinterpret the wishes of the patient, or
indeed may have a vested interest in the death (or continued
existence) of the patient. Healthcare providers tend to
underestimate sick patients’ desire to live.

Written directions by the patient, legally administered
living wills, or powers of attorney may eliminate some of
these problems, but are not without limitations. The
patient should describe the situation envisaged when life
support should be withheld or discontinued as precisely as
possible. This may be aided by a medical adviser. For
instance, many would prefer not to undergo the indignity
of futile CPR if there was end-stage multiorgan failure with
no reversible cause, but would welcome the attempt at
resuscitation should ventricular fibrillation occur in asso-
ciation with a remediable primary cardiac cause.

In sudden out-of-hospital cardiac arrest the attendants
usually do not know the patient’s situation and wishes, and
an advance directive is often not readily available. Some
communities have a standard prehospital advance directive
form that will be respected when presented to an emergency
healthcare professional. Unless there is a clear advance

directive requesting no resuscitation, resuscitation is begun
immediately and questions addressed later. There is no
ethical objection to stopping the resuscitation attempt that
has started if the healthcare providers are later presented
with an advance directive limiting care. The family doctor
can provide an invaluable link in these situations.

There is considerable international variation in the
medical attitude to written advance directives.1 In some
countries the written advanced directive is considered to
be legally binding and disobedience is considered to be an
assault; in others the advance directive is flagrantly ignored
if the doctor does not agree with the contents. In recent
years, however, there is a growing tendency towards com-
pliance with patient autonomy and a reduction in a
patronizing attitude by the medical profession.1

When to withhold a resuscitation attempt

Whereas patients have a right to refuse treatment, they do
not have an automatic right to demand treatment; they
cannot insist that resuscitation must be attempted in any
circumstance. A doctor is required only to provide treat-
ment that is likely to benefit the patient and is not required
to provide treatment that would be futile, although it
would be wise to seek a second opinion in making this
momentous decision, for fear that his/her own personal
values, or the question of available resources, may influ-
ence his/her opinion.13

The decision to withhold a resuscitation attempt raises a
number of ethical and moral questions. What constitutes
futility? What exactly is being withheld? Who should decide?
Who should be consulted? Who should be informed? Is
informed consent required? When should the decision be
reviewed? What religious and cultural factors should be
taken into consideration?

What constitutes futility?

Futility exists if resuscitation will be of no benefit in terms
of prolonging life of acceptable quality. Futility must be
discussed in terms of goals or purpose. Some of the con-
troversy regarding futility revolves around disagreements
on the goals of resuscitation – prolongation of life com-
pared with the perceived judgement of meaningful life. It is
difficult to evaluate the quality of life of another person and
its inclusion can imply value judgements. Futility must
also be defined in terms of quantitative aspect – how likely
is it that the stated goal can be achieved?14 What is the
threshold of anticipated success for deciding that health
care providers will not begin a resuscitation attempt – 10%,
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5%, 1%. 0.5%. 0.1%? It is problematic that while predictors
for non-survival after attempted resuscitation have been
published,15–18 none has been tested on an independent
patient sample with sufficient predictive value, apart from
end-stage multiorgan failure with no reversible cause. In
addition, studies on resuscitation are particularly depen-
dent on system factors such as time to CPR, time to defib-
rillation, and others. These may be prolonged in any study,
but are not applicable to an individual case. For example,
studies may show survival from community cardiac arrest
in some large cities is as low as 1%–2%, but does that mean
that resuscitation should not be attempted for a patient
who arrests outside a hospital with a defibrillator available
in a few minutes?

Inevitably, judgements will have to be made, and there
will be grey areas where subjective opinions are required in
patients with heart failure and severe respiratory compro-
mise, asphyxia, major trauma, head injury, and neurologi-
cal disease. The age of the patient may feature in the
decision but age, itself, is a relatively weak predictor of
outcome.19,20 Nonetheless, age is frequently associated with
comorbidity, which has an influence on prognosis. At the
other end of the scale, most doctors will err on the side of
intervention in children for emotional reasons, even
though the overall prognosis is often worse in children than
in adults. It is therefore important that clinicians under-
stand the factors that influence success of resuscitation.

What exactly should be withheld?

Do not attempt resuscitation (DNAR) means that in the
event of cardiac or respiratory arrest CPR should not be
performed – nothing more than that. Other treatment
should be continued, especially pain relief and sedation, as
required. Ventilation and oxygen therapy, nutrition, antibi-
otics, fluid and vasopressors, and other interventions
should be continued as indicated, if they are considered to
be contributing to the quality of life. If not, orders not to
continue or initiate any such treatments should be speci-
fied independent of DNAR orders.

While DNAR orders for many years in many countries
were written by single doctors, often without consulting
the patient, relatives, or other health personnel, there are
now clear procedural requirements in many countries
such as the USA, UK, and Norway.

Who should decide not to attempt resuscitation?

This very grave decision is usually made by the senior doctor
in charge of the patient after appropriate consultations.
Decisions by committee are impractical and have not been

shown to work, and hospital management personnel lack
the training and experience on which to base a judgement.
Decisions by legal authorities are fraught with delays and
uncertainties, especially if there is an adversarial legal
system, and should be sought only if there are irreconcilable
differences between the parties involved. Such decisions are
usually associated with undignified media attention that is
not in anyone’s interest, especially the patient’s. In espe-
cially difficult cases, the senior doctor may wish to consult
his/her own medical defence society for a legal opinion.

Medical Emergency Teams, acting in response to
concern about a patient’s condition from ward staff, can
assist in initiating the decision-making process concern-
ing DNAR.21 In addition, some hospitals have Ethics
Committees that will provide multidisciplinary consulta-
tions and advice to the senior physician before a decision
regarding limitation of care is made.

Who should be consulted?

Having stated that the ultimate decision for DNAR should
be made by the senior doctor in charge of the patient, he
or she would be foolish and arrogant not to consult others
in arriving at that decision. Following the principle of
patient autonomy, it is prudent, when possible, to ascer-
tain the patient’s wishes in regard to a resuscitation
attempt. This must be done in advance, when the patient
is able to make an informed choice. Opinions vary as to
whether such discussions should be a routine matter for
every hospital admission (which might cause undue
alarm in the majority of cases) or only if the diagnosis of a
potentially life-threatening condition is made (when there
is a danger that the patient may be too ill to make a bal-
anced judgement). It has been shown that doctors find
these discussions difficult and in a review of US institu-
tions only 20%–38% of seriously ill patients had discussed
possible resuscitation with their physician.22 Another
report from the UK has indicated that the number of cases
designated as DNAR fell significantly when there was a
directive that discussion of resuscitation decisions with
the patient should be mandatory in all who are compos
mentis.23 In presenting the facts to the patient, the doctor
must be as certain as possible of the diagnosis and the
prognosis and may seek a second or third medical opinion
in this matter. It is vital that the doctor should not allow
his/her own life values to distort the discussion – in
matters of acceptability of a certain quality of life, the
patient’s opinion should prevail.

It is considered essential for the doctor to have discus-
sions with close relatives and loved ones if at all possible.
Although they may influence the doctor’s decision, it
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should be made clear to them that the ultimate decision
will be that of the doctor. It is unfair and unreasonable to
place the burden of decision on the relative.

The doctor would also be wise to discuss the matter with
the nursing and junior medical personnel, who are often
closer to the patient and more likely to be given personal
information. The patient’s family doctor may have very
close and long-term insight into the patient’s wishes and
the family relationships based on years of knowledge of the
particular situation.

Who should be informed?

Once the decision has been made, it must be communi-
cated clearly to all who may be involved, including patient
and relatives. The decision and the reasons for it, and a
record of who has been involved in the discussions should
be written down – ideally on a special DNAR form that
should be placed in a prominent place in the patient’s
notes – and recorded in the nursing records. Sadly, there is
evidence of a reluctance to commit such decisions in
writing by doctors in some centers in some countries.24

When to abandon the resuscitation attempt

The vast majority of resuscitation attempts do not succeed
and have to be abandoned. A number of factors will influ-
ence the decision to stop the resuscitative effort. These
include the medical history and anticipated prognosis, the
period between cardiac arrest and start of CPR, the interval
to defibrillation, and the period of advanced life support
with continuing asystole and no reversible cause.

In many cases, particularly for out-of-hospital cardiac
arrest, the underlying cause of arrest may be unknown or
merely surmised and the decision is made to start resuscit-
ation while further information is gathered. If it becomes
clear that the underlying cause renders the situation futile,
then resuscitation should be abandoned. Information,
such as an advance directive, can also become available,
which makes discontinuation of the resuscitation attempt
ethically correct.

In general, resuscitation should be continued as long as
ventricular fibrillation persists. It is generally accepted,
however, that ongoing asystole for more than 20 minutes in
the absence of a reversible cause, and with all advanced life
support measures in place, is justification for abandoning
the resuscitation attempt.25 There are reports of excep-
tional cases that prove the general rule and each case must
be assessed individually.

In out-of-hospital cardiac arrest of cardiac origin, if

recovery is going to occur, a return of spontaneous circula-
tion usually takes place on-site. Patients with primary
cardiac arrest who require ongoing CPR without any return
of a pulse during transport to hospital rarely survive neu-
rologically intact.26

Many will persist with the resuscitation attempt for
longer if the patient is a child. This decision is not generally
justified on scientific grounds, for the prognosis after
cardiac arrest in children is certainly no better, and proba-
bly worse, than in adults. Nevertheless, the decision to
persist in the distressing circumstances of the death of a
child is quite understandable and the potential enhanced
recruitment of cerebral cells in children after an ischemic
insult is an unknown factor to be reckoned with. Similar
decisions, based purely on emotion, may occur if the
patient is a celebrity or well known to the resuscitating
team, such as a member of staff, but purely emotional deci-
sions do not stand up to evidence-based scientific scrutiny.

The decision to abandon the resuscitation attempt is
made by the team leader, but after consultation with the
other team members, who may have valid points to con-
tribute. Ultimately the decision is based on the clinical
judgement that the patient’s arrest is unresponsive to
advanced life support. In the end, the final conclusion
should be reached by the team leader taking all facts and
views into consideration and dealing sympathetically, but
firmly, with any dissenter.

Decision-making by non-physicians

Many cases of out-of-hospital cardiac arrest are dealt with
by emergency medical technicians or paramedics, who
face similar dilemmas of when resuscitation is futile and
when it should be abandoned. Clearly, resuscitation is
futile in cases of cardiac arrest with a mortal injury such as
decapitation and hemicorporectomy, known prolonged
submersion, incineration, rigor mortis, dependent lividity
and fetal maceration. In such cases the non-physician is
making a diagnosis of death but is not certifying death
(which in most countries can be done only by a physician).
In some countries emergency medicine technicians
operate under the authority of a base station physician or
medical director specific protocols. Consultation with the
base hospital physician is strongly advised when the deci-
sion is being considered regarding medical futility.

But what of the decision to abandon a resuscitation
attempt? Should paramedics trained in, and able to
provide, advanced life support in terms of cardiac moni-
toring, ventilation with oxygen through a secure airway,
and appropriate drug administration be able to declare
death after 20 minutes of asystole in the absence of
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reversible causes – bearing in mind the very negative
results achieved with on-going CPR during transport?
Opinions vary from country to country.27 In some coun-
tries it is routine, and it is clearly unreasonable to expect
paramedics to continue with resuscitation in the precise
circumstances where it would be abandoned by a doctor.
In making this recommendation it is essential that times
are recorded very accurately and written guidelines are
provided.28 The answer would appear to lie in superior
training and thereafter confidence in those who have been
trained to make the decision.

Similar decisions and a diagnosis of death may have to be
made by nurses in nursing homes for the aged and termi-
nally ill without a resident doctor. It is to be hoped that a
decision as to the merits of a resuscitation attempt will have
been made previously. DNAR consideration should always
be addressed for patients in these establishments.

Mitigating circumstances

Certain circumstances such as hypothermia will enhance
the chances of recovery without neurological damage. The
phrase “not dead until warm and dead” is often cited as a
guiding principle to follow, but this only applies to patients
with cardiac arrest secondary to hypothermia, not neces-
sarily to other etiologies.

Sedative and analgesic drugs obscure the assessment of
the level of consciousness in the patient who has a return
of spontaneous circulation.

Withdrawal of treatment after a resuscitation
attempt

Assessment of the overall prognosis of the neurological
status after resuscitation with a return of spontaneous cir-
culation, but continuing loss of consciousness, is difficult
during the first 3 days. During that time, efforts should be
made to ensure that blood chemistry and hematology are
restored to normal values. There are no specific clinical
signs that can predict outcome in the first few hours after
the return of spontaneous circulation. Measurement of
cerebral spinal fluid creatinine kinase or serum S-100
levels have been found to have a high specificity for deter-
mining a poor neurological outcome, but only after about
3 days, and if combined with absent pupillary responses
and an absence of motor response to pain and electro-
physiological testing, the specificity rises to almost
100%.29,30 Of note, however, the introduction of therapeu-
tic hypothermia after cardiac arrest appears to have
changed the predictive values, and these should be viewed

with caution until new predictive values have been estab-
lished for these patients.

In a very small number of distressing cases, patients
regain spontaneous circulation but remain in a long-term
persistent vegetative state. The question may arise as to
whether such an existence is in the patient’s best interest
compared to the alternative of dying. If it is found to be the
patient’s wish not to continue in this state, the question
arises as to whether basic treatment such as food and fluids
should be withdrawn to terminate life. Generally there is
agreement between relatives and the doctors and nurses as
to the path to follow. If that agreement means continuing
with basic supportive treatment, then there is usually no
problem. Similarly, if there is general agreement that life
should be terminated by withdrawing basic treatment this
can be done with or without the involvement of legal
authorities as required in the country. Difficulties arise if
there is a disagreement between the doctors and nurses
and the relatives, or between the relatives. The very sad
case of Terri Schiavo in the United States in 2005 highlights
the extreme protracted legal wrangling and indignity that
can be associated with such a situation which attracts the
intrusive, and often uninformed, media and internet
celebrities and figures to add their gratuitous opinions in a
highly charged atmosphere.31 It is of interest that opinion
polls in the US supported the withdrawal of the feeding
tube in this case and the majority felt that the wishes of
the spouse should be upheld, as opposed to the views
expressed by the patient’s parents and some politicians,
who wished to prolong life regardless.32 The case has
prompted many to make an Advance Directive for the first
time. In Europe, although there also may be extreme views
supporting either side, it seems that many are content to
leave the decision to the family and physicians in private.

Family presence during resuscitation

The question of permitting close family members to be
present during a resuscitation attempt, if they so wished,
was first raised in the literature during the late 1980s33 and
was a subject of continuing debate during the 1990s.34

Initial reaction to the suggestion by the medical profession
(particularly among internists) was very negative,35,36 par-
ticularly if relatives were uninformed and unsupported
and there was a general feeling that the process would be
very difficult and stressful for staff.37 Emergency physi-
cians and pediatricians and the nursing staff were more
supportive of this concept. The antagonists cited fears that
the procedure would be most distressing for the relative,
particularly if defibrillation and very invasive measures
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were being performed. Others maintained that the dis-
traught relative might interfere with the resuscitation
process or put the rescuers off their prime objective of
saving the patient’s life. It was thought by some that the
presence of a relative would make the decision to abandon
the resuscitation attempt very difficult. Some were afraid
that medicolegal action might be taken if apparent weak-
nesses or failures were perceived to have occurred. Public
expectation of success rates from resuscitation endeavors
as shown on fictional medical series on television
(70%–80%) is much higher than occurs in reality
(20%–30% at best) .In practice there has been no evidence
to support these fears.

Indeed, there has been a continuing flow of papers sup-
porting the concept of family members being present
during the resuscitation process, if they wish.38–45 Many rel-
atives would wish to be present during resuscitation
attempts, and of those who have had this experience, over
90% would to do it again. Most parents would expect to be
with their child at this time and would not take kindly to
being excluded.46

Relatives have noted a number of benefits from being
permitted to be present.

These include:
• help in coming to terms with the reality of death and

easing the bereavement process;
• being able to communicate with, and touch, their loved

one in their final moments while they were still warm.
Many feel that their loved one appreciated their presence
at that moment, and this may be quite possible if con-
sciousness returns during effective CPR (as has been
recorded on occasion, especially with mechanical CPR);

• feeling that they had been present during the final
moments and that they had been a support to their loved
one when they needed it;

• feeling that they had been there to see that everything
that could be done, was actually done.

Clearly a number of measures are required to ensure that
the experience of the relative is the best under the circum-
stances.
• The resuscitation should be seen to be conducted com-

petently under good team leadership with an open and
welcoming attitude to the relative. “Black humour,” so
often the saviour of staff working in such stressful situa-
tions, should be postponed until afterwards at the staff
debriefing session.

• The relatives should be briefed, in terms that they can
understand, before entering and offered continual
support during the event by a member of staff (usually a
nurse) trained in this subject. They should be given to
understand that the choice to be present is entirely

theirs, and no feelings of guilt should be provoked, what-
ever their decision.

• They should be made aware of the procedures they are
likely to see and the patient’s response (e.g., convulsive
movements after defibrillation) and the possible inva-
sive techniques such as tracheal intubation and place-
ment of central venous lines that may be required. The
importance of not interfering with any procedures
should be emphasized and any dangers of doing so
should be explained clearly.

• In the majority of cases it will be necessary to explain that
the patient has not responded to the resuscitation
attempt and that the attempt has to be abandoned. The
decision should be made by the team leader involving
the members of the team. The relative should not be bur-
dened with this responsibility. It should be explained to
the relative that there may be a brief interval while equip-
ment is removed and that then they will be able to return
to be with their loved one at their leisure, alone or sup-
ported, as they wish. Certain tubes and cannulae may
have to be left in place for medicolegal reasons.

• Finally, there should be an opportunity for the relative to
reflect and ask questions about the cause and the
process and be given advice about the procedure for reg-
istering the death and the support services available.

In the event of an out-of-hospital arrest the relatives may
already be present, and possibly performing basic life
support. They should be offered the option to stay and
may appreciate the opportunity to help and travel in the
ambulance to hospital. If death is pronounced at the
scene, the relatives should be offered the help and support
of their family doctor or community nurse and bereave-
ment councillor.

For resuscitation staff, both in- and out-of-hospital, it is
worth offering training on the best way to help relatives
who wish to be present. The Resuscitation Council (UK)
has designed a program for such a study day.47

From increasing experience of family presence during
resuscitation attempts, it is clear that problems rarely, if
ever, arise. In the majority of instances the relative comes
in and stays but a few minutes and then leave – satisfied
that they have taken the opportunity to be there to support
their loved one and say good bye as they would have
wished. Ten years ago most would not have countenanced
the presence of relatives being present during resuscita-
tion, but a recent survey has shown an increasingly open
and less patronizing attitude and appreciation of the
autonomy of both patient and relative.1 International cul-
tural and social variations still exist, and must be under-
stood and appreciated with sensitivity.
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Training and research on the recently dead

Another matter that has raised considerable debate is the
ethics, and in some cases the legality, of undertaking train-
ing and/or research on the recently dead.

Training

The management of resuscitation can be taught using sce-
narios with manikins and modern simulators, but training
in certain skills required during resuscitation is notoriously
difficult. External chest compressions and, to an extent,
expired air ventilation, insertion of the oropharyngeal and
nasopharyngeal airways can be taught using manikins, but
many other skills, needed on a regular basis during resusci-
tation, can be acquired satisfactorily only through practice
on a human subject, dead or alive, even though the design
of manikins and simulators improves year by year. These
other skills include, for example, central and peripheral
venous access, arterial puncture and cannulation, venous
cutdown, bag/valve/mask ventilation, tracheal intubation,
cricothyrotomy, needle thoracostomy, chest drainage, and
open chest cardiac massage. Some of these skills may be
practiced during routine clinical work, mostly involving
anesthesia, and to some lesser degree, surgery, but others
such as cricothyrotomy, needle thoracostomy, and open
chest cardiac massage cannot, and are needed only in a life-
threatening emergency when it is difficult to justify a teach-
ing exercise. In modern day practice, with practitioners
being called increasingly to account and patient autonomy
prevailing, it is becoming more and more difficult to obtain
permission for student practice of skills in the living. Gone
are the days when admission to a “teaching hospital”
implied automatic consent for students to practice proce-
dures on patients under supervision as they wished. And
yet the public expect, and are entitled to, competent prac-
titioners for generation after generation.

So the question arises – is it ethically and morally appro-
priate to undertake training and practice on the living – or
the dead?

There is a wide diversity of opinion on this matter.48

Many, particularly those in, but not limited to, the Islamic
nations, find the concept of any skills training and practice
on the recently dead completely abhorrent because of an
innate respect for the dead body. Others will accept the
practice of non-invasive procedures that do not leave a
mark, such as tracheal intubation. And some are open
and frank enough to accept that any procedure may be
learned on the dead body with the justification that the
learning of skills is paramount for the well-being of future
patients. One option is to request informed consent for the

procedure from the relative of the deceased. Nevertheless,
only some will obtain permission1,48 and many find this
very difficult to do, especially in the harrowing context of
breaking bad news to the recently bereaved. As a result,
only non-invasive procedures may be practiced, on the
basis that distress will not be caused by what is not seen.
Clearly, the days of undertaking any procedure without
consent are rapidly coming to an end. Perhaps it is now
becoming increasingly necessary to mount a publicity
campaign to exhort the living to give permission for train-
ing on their bodies after death through advance directives,
in much the same way as permission for transplant of
organs may be given. It is possible that an “opt-out” rather
than an “opt-in” arrangement may be adopted, but this will
require changes in the law in most countries. It is advised
that healthcare professionals learn local and hospital poli-
cies regarding this issue and follow the established policy.

Research

There are important ethical issues regarding advancing the
quality of resuscitation by performing randomized clinical
trials for patients in cardiac arrest who cannot give
informed consent to participate in research studies.
Progress in improving the dismal rates of successful resus-
citation will only come through the advancement of
science through clinical studies. The utilitarian concept in
ethics looks to the greatest good for the greatest number of
people. This must be balanced with respect for patient
autonomy in which patients should generally not be
enrolled in research studies without their informed
consent. Over the past decade, legal directives have been
introduced into the United States and the European
Union49,50 that place significant barriers to research in
patients during resuscitation unless there is informed
consent from the patient or immediate relative. Data show
that such regulations deter research progress in resuscita-
tion. It is indeed possible that these directives may in them-
selves conflict with the basic human right to good medical
treatment as set down in the Helsinki Agreement.12

Research in resuscitation emanating from the United States
has fallen dramatically in the last decade,51 and it appears
very likely that the European Union will follow suit as the
rules are implemented there. The United States authorities
have, to a very limited extent, sought to introduce methods
of exemption,49 but these are still associated with problems
and almost insurmountable difficulties.52

Research on the recently dead is likely to encounter
similar restrictions unless prior permission is granted as
part of an advance directive by the patient, or permission
can be given there and then by the relative who is next of

The ethics of resuscitation 1207



kin. Legal ownership of the recently dead is established
only in a few countries, but in many countries it is at least
tacitly agreed that the body “belongs” to the relatives
(unless there are suspicious circumstances or the cause of
death is unknown) and permission for any research must
be granted by the next of kin unless there is an advance
directive giving consent. Obtaining consent from relatives
in the stressful circumstances of immediate bereavement
is unenviable and potentially damaging to the relationship
between doctor and relative. The introduction of these
prohibitive directives, as they apply at present, will prevent
research in humans into potentially valuable drugs for
resuscitation. Research can still be carried out during post-
mortem examination, for instance, to study the traumatic
damage arising as a result of using specific methods of
chest compressions, but all body parts must be returned to
the patient unless specific permission is obtained from rel-
atives to do otherwise.

Breaking bad news and bereavement counselling

Breaking news of the death of a patient to a relative is an
unenviable task. It is a moment that the relative will
remember forever, so it is very important that it be done as
correctly and sensitively as possible. It also places a con-
siderable stress on the healthcare provider who has this
difficult duty. Both may need support in the ensuing hours
and days. It is notable that the breaking of bad news is
seldom taught in medical school or at postgraduate level.1

Contacting the family in case of death of a relative
without the relatives being present

If the relatives are not present when the patient dies, they
must be contacted as soon as possible. The caller may not
be known to the relative and must take great care to ensure
that his or her identity is made quite clear and, in turn, the
caller must make sure of the relationship of the call recipi-
ent to the deceased. In most cases it is wise not to state on
the telephone that the patient has actually died, unless the
distance and travel time involved is very long (e.g., the rel-
ative is in another country). It may be better to say that the
patient is seriously and critically ill or injured and that the
relatives should come to hospital immediately. It is wise to
ask the relative to ask a friend to drive them to hospital and
to state that nothing will be gained by driving at speed.
When relatives arrive they should be greeted right away by
a competent and knowledgeable member of staff and the
situation explained immediately. Delays in being told the
facts are agonizing.

Who should break the bad news to the relative?

It is no longer acceptable for the patronizing senior doctor
to delegate the breaking of bad news to his junior assistant.
Nowadays, it is generally agreed that it is the duty of the
senior doctor or the Team Leader to talk to the relatives.
Nevertheless, it is wise to be accompanied by an experi-
enced nurse who may be a great comfort for the patient
(and indeed the doctor).

Where and how should bad news be given?

The environment where bad news is given is vitally impor-
tant. There should be a room set aside for relatives of the
seriously ill that is tastefully and comfortably furnished,
with fresh flowers daily, a television and free access to a
telephone. There are some basic principles that should be
followed when breaking bad news if grave errors are to be
avoided and the relative is not to be discomforted. It is
essential to know the facts of the case and to make quite
sure that you are talking to the correct relatives.

Body language is vital – always sit at the same level as the
patient – do not stand up when they are sitting. Make sure
you are cleanly dressed – wearing blood-stained clothing is
not good. Do not give the impression that you are busy and
in a hurry. Give the news they are anxious to hear immedi-
ately using the words “dead” or “has died” – “I am very sorry
to have to tell you that your father/husband/son has died.”
Do not leave any room for doubt by using such phrases as
“passed on” or left us” or “gone up above”.

Going into the complete medical details at this stage is
not helpful – wait until they are asked for. Touching may be
appropriate, such as holding hands or placing an arm on
the shoulder, but people and customs vary and the doctor
needs to be aware of these. Do not be ashamed if you shed
a tear yourself. Allow time for the news to be assimilated by
the relative. Reactions may vary from relief (“I am so glad
his suffering is over” or “He went suddenly – that is what he
would have wished”), to anger with the patient (“ I told him
to stop smoking” or “He was too fat to play squash” or “
Look at the mess he has left me in”), to self-guilt (“If only I
had not argued with him this morning before he left for
work” or “Why did I not tell the doctor he got chest pain”),
to anger with the medical system (“Why did the ambulance
take so long” or “The doctor was far too young and did not
know what he was doing”) , to uncontrollable wailing and
crying and anguish, to complete expressionless catatonia.
It may be useful to reassure the family that they did every-
thing correctly such as calling for help and getting to the
hospital; however, in the vast majority of cases health care
providers are unable to restart the heart.
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Some time may elapse before conversation can resume
and at this stage ask the relative if they have any questions
about the medical condition and the treatment given. It is
wise to be completely open and honest about this, but
always say if appropriate “He did not suffer”. In the major-
ity of cases the relative will wish to see the body. It is impor-
tant that the body and bedclothes are clean and all tubes
and cannulae are removed, unless these are needed for
postmortem examination. The image of the body will leave
an impression on the relative that will last forever. A post-
mortem examination may be required and this should
requested with tact and sensitivity by explaining that the
procedure will be carried out by a professional pathologist
and will help to determine the precise cause of death.

Children

Breaking bad news to children may be perceived to present
a special problem but experience seems to indicate that it
is better to be quite open and honest with them, so helping
to dispel the nightmarish fantasies that children may
concoct about death. It is helpful to contact the school so
that the teachers and fellow pupils can be prepared to
receive the child back into the school environment with
support and sensitivity.

Closure

In many cases this will be the relative’s first experience of
death and help should be offered with the bewildering
administration of the official registration of death, funeral
arrangements, and socioeconomic support by the hospital
or community social worker.

Depending on religious beliefs, the hospital padre or
priest may play a vital role. Whenever possible, the family
physician should be informed immediately by telephone
or e-mail with the essential details of the case so that they
can give full support to the relatives. A follow-up telephone
call to the relative a day or two later from a member of the
hospital staff who was involved, enquiring if they can be of
any help, and with an offer to answer any questions that
the relative may have forgotten about at the time, is always
appreciated.

Staff debrief

Although many members of staff seem, and often are, little
affected by death in the course of their work, this should
not be assumed. Their sense of accomplishment and job
satisfaction may be adversely affected and there may be
feelings of guilt, inadequacy, and failure. This may be

especially apparent in, but not restricted to, very junior
members of staff. A team debrief of the event with positive
and constructive critique of techniques should be con-
ducted and personal bereavement counselling offered to
those with a particular need. How this is done will vary
with the individual and will range from an informal chat in
the pub or cafe (which seems to deal effectively with many
cases) to professional counselling. It should be explained
that distress after a death at work may be a normal reac-
tion to an abnormal situation.

Conclusions

Resuscitation has given many a new lease on life to the
delight of patients and their relatives, but has the potential
to bring misery to a few. This chapter addresses how that
misery can be reduced by not attempting resuscitation in
inappropriate circumstances or in patients with a valid
advance directive and when to discontinue the resuscita-
tion attempt in cases of futility or persistent vegetative
state. Ethical issues such as training and research on the
recently dead, and the presence of family members during
the resuscitation attempt place further burdens on the
medical profession, but must be dealt with sympatheti-
cally, and with an appreciation of growing patient auton-
omy and Human Rights throughout the world. Finally, the
breaking of bad news is one of the most difficult tasks to be
faced by the medical and nursing professions. It requires
time, training, compassion and understanding.
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Introduction

Each year, about 360 000 of about 2.4 million deaths in the
USA are caused by sudden cardiac arrest (SCA). Any other
cause of death that gives rise to mortality on such a scale
(about 15% of all deaths) has seen huge research funding
and effort, and funding devoted to finding the cause and
successful treatment of the condition. Although much is
now known about the cause of sudden cardiac episodes,
efforts to apply successful treatment have not received the
funding that could be expected of such a large cause of
death.

The two main reasons for this are the speed and near-cer-
tainty of death. The speed of onset of the condition requires
an exceedingly fast response. Successful treatment is avail-
able, but it must be applied quickly. Increasing the speed of
response of emergency medical services is expensive, and
this dominates in the estimation of cost-effectiveness. A
fundamental but unresolved question is the extent to which
it is worth providing a swift response, and the circum-
stances in which a society or a health service provider is
willing to divert resources from other disease areas, given
the uncertainty surrounding the value of the benefits of
adding resources to improve the likelihood of success of the
treatment. The second reason for the lack of resources is the
near certainty of death when the condition strikes. There
are relatively few survivors: in most countries, no more than
5% of patients leave hospital alive. Hence, there are few
patient support groups to provide a higher profile and act
as a lobby group for more effective treatment. There is also
a general belief that survivors do not have long to live,
whereas the average length of survival is about 6 years, and
somewhat longer for those who arrest at a younger age.1

But even though sudden cardiac arrest is a common
form of death, it is nevertheless a rare event. If the lifetime
incidence is 15%, and average life expectancy is 75 years,
then there will still only be one sudden cardiac death event
every 500 person-years. Once a sudden cardiac arrest
(SCA) arrhythmia has become established, the primary
means of avoiding death is by defibrillation. Five hundred
years is a long time for a defibrillator, if it were to be dedi-
cated to a single person, to have to wait for a single use.
Since defibrillators require maintenance, training and
retraining of operators, all requiring ongoing costs, it is
easy to see why there is not one in every home and on every
street corner.

This chapter examines the economics of defibrillation,
and tries to generate some general principles. Among
other things, the following types of question will be
addressed. What is worthwhile doing and what is not? How
does the cost of the technology impinge on the total cost
of defibrillation? How can training be made less expen-
sive? The chapter also looks more broadly at where there
are gaps in knowledge of the cost-effectiveness of combat-
ing sudden cardiac death. In particular, modeling will be
required to evaluate systems devoted to the treatment of
SCA. How could one establish whether emergency service
provision in a region requires more or less resources than
other uses of resources to maximize the health gain in that
community?

The focus of this chapter is the use of automated exter-
nal defibrillators (AEDs) out of hospital. Implantable defib-
rillators are not considered except briefly as an alternative
therapy and as a potential downstream cost, nor is in-
hospital defibrillation. The role of cardiopulmonary resus-
citation (CPR) is considered only in passing, but the
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model could be extended to assess the incremental cost-
effectiveness of community training or other methods of
achieving bystander CPR.

Given the cost of defibrillators and their infrequent use,
they will not be cost-effective under all circumstances (i.e.,
they will not be cost-effective if placed in every home and
on every street corner); thus, the limits to what circum-
stances are cost-effective must be determined on a case-
by-case basis. In what follows, we assume that the objective
of the provider of defibrillators is to use resources in such a
way as to maximize the number of quality-adjusted life
years gained for the community under consideration.

For this purpose, two strategies are considered:
1. To bring the defibrillator to the patient (via the emer-

gency services: ambulance, fire brigade, police)
2. To site defibrillators where there are large gatherings of

people (sporting events, large auditoriums, airports,
railway stations and large shopping centers): public
access defibrillators (PADs). About 16%–17% of SCA
episodes occur in public places.1

Beyond this, there are special cases, such as long-distance
aircraft and trains, where an offsite defibrillator cannot be
transported to the patient without considerable delay, but
where the number of people served by the PAD is smaller
than in 2 above, yet still moderately large. Moreover, in
the case of air and rail travel there are trained “carers” of the
traveling public (hostesses and stewards) who know the
location of defibrillators and can be trained in their use.

To estimate the relative magnitudes involved in these
two strategies, consider 100 cases of out-of-hospital SCA.
About 50 incidents are witnessed, of which some 33
would be at home or in places not served by a PAD. Some
of the 17 patients who could be covered by PADs will be
treated by them, while for the remainder, the emergency
service will arrive first. So in round figures, some 40 to
45% of people could expect to be covered by emergency
service and some 5 to 10% by PADs;2 only a very small
proportion of the remaining 50% will receive defibrilla-
tion in time to prevent premature death. Each implemen-
tation of defibrillation in the community has costs and
effects.

The main issues in cost-effectiveness analysis

In assessing the costs and effects of an intervention, it is
important to determine
• the population under consideration,
• the intervention,
• the comparator or comparators,
• the perspective of the study,

• the effects (benefits), and
• the costs.

Analysis and modeling of the underlying processes
involved also generally require some knowledge of factors
(or covariates) that determine the costs and outcomes of
the intervention.

The first three of these points are straightforward: the
population consists of people suffering out-of-hospital
SCA, the intervention is an external defibrillator (either
carried by a specialized team such as emergency service
personnel, or placed as a public access device), and the
comparison is with not using a defibrillator. The other
three points: perspective, costs, and benefits, require some
discussion.

Perspective

The importance of the perspective of a cost-effectiveness
study is often underestimated. There are perhaps three
main perspectives that can be taken: that of society, that of
a health service as a whole (equivalently, a third-party
payer perspective), and that of part of the health service
such as an emergency service.

If we take a societal perspective, we must ask ourselves
what are the total costs of treating a person suffering SCA
with a defibrillator, and what are the total costs of treating
them without a defibrillator. Without a defibrillator, there
will be virtually no survivors, so the costs will be limited in
time. With a defibrillator, however, there will be a small
proportion of survivors. They will accrue health care costs
for the rest of their lives, which may stretch on for years and
occasionally for decades. These costs are relevant to the
analysis. They include those of long-term care for people
with poor neurological outcomes, and implantable defib-
rillators for those who receive them.

The perspective also helps to determine how the cost-
effectiveness analysis will be carried out. From a societal
perspective, we may be interested in comparing the effect
of using additional resources for treating SCA on the one
hand, with anything else, such as education, defense or the
environment, or allowing individuals to spend their extra
earnings as they wish rather than be collected as taxes, on
the other hand. To determine the allocation of resources
between such competing uses, we must place a monetary
value on benefits as well as on costs, leading to a cost-
benefit analysis.

Nevertheless, we may also be concerned with the costs
and benefits to society as a whole (that is, take a societal
perspective) without wishing to make comparisons
outside the health sector. In that case, it is not necessary to
go as far as having to convert health benefits into monetary
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equivalents. An accepted common currency to compare
the full range of health benefits is a quality-adjusted life
year (QALY).

To determine how best to spend money within an emer-
gency service, most comparisons can be made by estimat-
ing how many seconds can be subtracted from average
response time for a given cost of different innovations. The
innovation that gives rise to the greatest reduction in
average response time for a given cost will in most circum-
stances be the innovation that gains the most QALYs for a
given cost. It is that innovation that should be the first to be
adopted. It is only when there is a need to compare spend-
ing of additional money within an emergency service with
the same money spent elsewhere on health care that
recourse to QALYs is required.

The perspective of an economic analysis refers to the
group within society that bears the costs and gains the
benefits of health care decisions, but the term is also used
when examining costs from either an accounting or an eco-
nomic perspective. Often these perspectives are the same,
but sometimes they can be quite different. The accounting
approach attributes the cost of a health care worker to the
time spent on a task, multiplied by their hourly wage rate.
The economic approach attributes the cost of the labor
component of making an innovation operational by deter-
mining the value of the time spent by looking at what that
person would otherwise be doing with the time. In EMS
agencies, some of a provider’s time is spent waiting for a call
to aid, known as on-call time, or using the jargon of linear
programming, slack time. If a provider were to be engaged
in an activity in place of what would otherwise be slack
time, then the so-called “opportunity cost” of their labor
will be zero. In other words, it does not cost anything in eco-
nomic terms if slack time is used for a productive purpose.
Conversely, the opportunity cost of delaying an ambulance
on its way to defibrillate an SCA victim will be hundreds if
not thousands of dollars per minute.

By considering a scenario, we illustrate some of the diffi-
cult distinctions that should be made with respect to per-
spective. Some of these distinctions overlap with decisions
about how to deal with costs, and to some degree, the dis-
cussion could easily be carried out in the following section
on costs.

Suppose that an emergency service with 20 active ambu-
lances carries 1000 people with SCA per year to hospital,
where 60 are discharged alive. If SCA patients comprise
(say) 1% of all calls, and if they take the same crew-time as
a call of average duration, should the SCA calls be debited
with 1% of all costs? It is unclear in terms of economic or
accounting costs, as there are no theorems to say how joint
costs should be apportioned. The decision to allocate costs

as a proportion of resources used is widely utilized as an
accounting approach to costs, but is no more than a prag-
matic decision.

From an economic perspective, we can gain some idea of
how to allocate these costs by supposing that the ambu-
lance service, after pressure from the community, is given
resources that would double the number of ambulances
from 20 to 40. The service carries no more SCA patients
than before (indeed, no more of any sort of patient).
Because there are more ambulances than before, response
times decrease, and as a result, we suppose that of the 1000
patients with SCA, the number of survivors increases from
60 to 80. The response times for every other sort of patient
will also improve. If the active resources have been
doubled in order to deal with life-threatening conditions
(and for no other reason), however, then the life-threaten-
ing conditions alone should be ascribed the cost of the
additional ambulances. These costs should not be spread
over the people with non-life-threatening conditions who
are carried by ambulance. If, perversely, the only people
eligible to be carried by an ambulance were those without
a life-threatening condition, society would probably not
provide resources for ambulances at all, and probably
rightly so. Notably also, as a consequence of why the ambu-
lances are being provided, ambulances should give prior-
ity to people who have life-threatening conditions over
those who do not.

So how much of an emergency service’s costs should be
attributed to SCA patients? Certainly not only the time taken
per call. To this must be apportioned on-call time, as a very
minimum. But according to the above logic, almost the
whole cost of the service should accrue to life-threatening
calls, of which SCA calls will be a large portion.

If the perspective is that of the emergency service, we do
not need to estimate the cost of postsurvival care for sur-
vivors. Find the increased cost of the 10 ambulances,
apportion a large chunk (as described above) of this cost to
SCA patients, and note that there are 20 additional sur-
vivors. If the average number of life-years saved is 6 per
survivor, then there would be 2 additional survivors and 12
additional life-years gained per additional ambulance. The
cost per life-year saved is thus the cost of the increased
number of ambulances divided by 12 if all the costs are
attributed to SCA, and less if some of the costs are attrib-
uted elsewhere (to other life-threatening conditions, and a
little to the non-life-threatening conditions carried by the
ambulances).

Since we cannot separate the various uses of an ambu-
lance, the most satisfactory solution to this problem of
apportionment is to estimate the number of quality-
adjusted life-years gained (QALYs) from all uses in aggregate

1214 A. Fischer and G. Nichol



that would be gained from a given increase in resources.
That is, the emergency service has to be evaluated for cost-
effectiveness as a whole, and not just for its role in treat-
ing/transporting cardiac arrest patients.

Nonetheless, while it might be important within an
emergency service to consider only ambulance costs, it is
clearly not the case for the health service as a whole. All the
costs of treating the survivor, however long he or she may
live, and whatever future condition is treated, should be
included on a time-discounted basis. (We return later to
estimate the cost per life-year saved in an emergency
service.) These costs would not accrue if the patient had
died of SCA, but would accrue otherwise, so they should be
counted. Note that the approach of counting later medical
costs of survivors of a condition is not always used in eco-
nomic evaluation, because it is often too difficult to esti-
mate future costs of what will in many cases be unrelated
conditions. Therefore, in the model of an emergency
service developed later, we will model scenarios where sur-
vivor costs are at first excluded and then included.

From a health service or third-party payer perspective,
we do not need to consider the benefit that accrues to
people who are able to return to work after an SCA episode.
Clearly, however, a societal perspective will include such
benefits. What proportion of SCA survivors returns to
work? The answer appears to be: ‘not many,’ as the average
age of survivors is typically in the late 60s. Perhaps 20%
were working prior to their SCA episode, however, so it is
not unreasonable to suggest that perhaps half of these
people, or 10% of all SCA survivors, are able to return to
work. The gain to society is to be found in the additional
product, be it the amount of extra food produced by a
farmer-survivor or the amount paid for legal services
offered by a lawyer-survivor that would not otherwise be
produced. In a society with severe unemployment, the
return to work of the survivor may cause a temporary
replacement to become unemployed, so no additional
product would be forthcoming, and the benefit would be
zero. Unemployment on this scale has not been common
in industrialized societies since the early 1930s.

The situation with respect to survivors who have retired
or who are unable to work after SCA also depends on per-
spective. In society as a whole, giving a pension paid out of
current taxes is merely a transfer payment and is assumed
not to involve any change in the amount of work under-
taken. Thus from a societal perspective, the payment of a
pension is not a cost. It is simply a redistribution of exist-
ing resources. From the perspective, not of society, but of a
government as a whole, if the budget for the country is of
fixed size, then the payment of a pension to a survivor will
mean that funds are not available for other purposes, so

the pension payment is a cost. From the perspective of the
health service/third-party payer, or the emergency service,
which does not pay the pension, a pension payment
reverts to not being an economic cost.

Costs

The four main cost components are:
1. cost of device
2. maintenance cost of device
3. training and retraining in the use of CPR and defibril-

lators
4. costs of subsequent health care for survivors.
The reason costs have been broken into components is to
see which costs are important. If costs change in the future
due to innovation, what changes in cost effectiveness does
this imply? Where should effort be placed to reduce costs?
Studies show that the cost of the defibrillator itself is not a
major component of total costs. Typical costs of a defib-
rillator are now about $1000 compared with some
$2000–2500 in the early 1990s. Modern defibrillators have
relatively low annual maintenance costs, but costs of train-
ing (and retraining) in the efficient use of defibrillators are
relatively high, because training needs to be given to many
people. Typically, therefore, maintenance and training
costs of a defibrillator over its lifetime will be several times
greater than the initial cost of the device.

The cost per survivor of a defibrillator program depends
on whether the defibrillator is a public access device or is
carried by an emergency service. For a PAD, relative costs
depend on how often the device is used; for an emergency
service, relative costs are a trade-off between the number
of devices and the speed with which patients can be
reached. Subsequent healthcare costs for survivors are also
a relatively high proportion of total costs.

Questions must be asked in relation to maintenance and
training costs. In settings in which a large proportion of
workers’ time is on call, the cost of maintaining PADs and
of training staff in their use may actually be much lower
than costs measured by the time taken to perform them.
The real cost of training emergency service officers in the
use of defibrillators should be much lower than their
accounting cost, apart from instructor time. This is
because many such officers have large amounts of slack
time. If they were instructed in the use of defibrillators
during a time that would otherwise be waiting time, the
cost of undertaking the training would be free. If the unit
being instructed were called in the middle of training, they
would immediately be required to abort the training
session to attend the call, and in that case, it would be the
time of the instructor that is wasted. If 60% of emergency
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service officer time were slack, then the instructor is at best
likely to complete only 3 out of every 5 training sessions
(the proportion of completions would be lower if slack
times were continually interspersed with brief bursts of
activity). Thus, in this example, a premium of 1.67 or more
would be attached to the instructor’s productive time.

The costs of treating an SCA episode are generally not
very high, because the vast majority of people die within a
short time, and treatment is not prolonged. For the sur-
vivors, most leave hospital within a few days or occasion-
ally within several weeks. A small minority has high costs of
continued care because of brain damage. For the majority
of survivors, the largest costs are usually occasioned by ill-
nesses that they suffer subsequently, and for many of them,
the illness will not be of cardiac origin.

Benefits

The benefits of using defibrillators out of hospital are easy
to state but uncertain in their extent: they are the sum of
the years of additional life gained by survivors discounted
by disability and the effluxion of time. The years of extra life
can be estimated retrospectively by long-term follow-up of
the survivors from about 1970 onwards. As therapy for
people with heart conditions improves, however, it is likely
that survival from SCA will change. On one hand, it will
increase to the extent that follow-up after survival from
SCA will improve. On the other hand, it will decrease to the
extent that the kind of person having an SCA episode may
be older and most probably sicker than those of past years,
because of improvements in therapy for people with heart
conditions.

Although to be considered with caution, the life
expectancy of survivors, even if it changes by 20% up or
down, will be relatively well estimated, however. In com-
parison, estimation of survival differences between earlier
and later use of defibrillators is fraught with potentially
enormous errors.

Cost-effectiveness estimates of PADs from the
literature

Several studies have assessed the economics of EMS
without focusing on the cost-effectiveness of specific pre-
hospital interventions for cardiac arrest.3–14 Others have
focused on EMS interventions for other disorders.15,16 We
focus here on previous economic evaluations of EMS
(Table 67.1) and non-EMS interventions for cardiac arrest
(Table 67.2). Estimates published in these articles were
converted to US dollars and adjusted for inflation. Since

few of these studies evaluated the incremental cost per
QALY, outcomes were expressed as cost per life saved.

The range of incremental costs of EMS or other inter-
ventions for out-of-hospital cardiac arrest is highly vari-
able. Comparisons of the incremental cost effectiveness of
EMS interventions or lay responder defibrillation for out-
of-hospital cardiac arrest are difficult, because of the het-
erogeneity of interventions considered, completeness of
costs, perspective, and the degree to which uncertainty
or sensitivity analyses were used to assess the robustness
of the economic results. Although it is generally recom-
mended that health economic evaluations express effec-
tiveness in quality-adjusted life–years, and some survivors
of cardiac arrest can have reduced quality of life, the
majority of previous studies evaluated lives saved. Thus,
comparison with other health interventions is difficult.
Assuming an average life expectancy of 6 years among sur-
vivors, the cost per life–year (without discounting for costs
and benefits that occur in the future) will be 1/6 of the cost
per life saved.

Cost-effectiveness of defibrillation in an
emergency service

We shall now return to examine in more detail the estima-
tion of costs and benefits in an emergency service, where
the surrogate for benefit is the reduction in ambulance
response time. In a very simple scenario, we described
above an emergency service that extended two lives per
year from SCA for each additional ambulance added to the
fleet. By knowing the cost of running an additional ambu-
lance, we can then estimate the cost per life extended, and
by estimating the average additional life expectancy, we
can estimate the cost per life–year gained. We said nothing
about how one might estimate the number of people saved
in this way in the real world.

First, however, let us contrast the economic evaluation of
the provision of PADs with that of the provision of an emer-
gency service. The problem of optimal provision of PADs is
to place them in those public places where they will be used
sufficiently often to justify their provision. This can be
judged by estimating the cost per QALY of the provision at
different sorts of location. Nevertheless, the optimal provi-
sion of defibrillators in an emergency service (assuming
that each responder is equipped with a defibrillator)
depends on the (incremental) costs and the (incremental)
benefits of increasing the number of responders. This
research has never apparently been carried out satisfacto-
rily.Two studies go some way towards an answer, but in each
case, they look only at comparing different innovations
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within an emergency service system. Nichol et al.17 exam-
ined the relative merits of adding single responder units or
fully-equipped ambulances, but the study was not designed
to find out how many additional such units could be added

to an EMS fleet for each successive addition to remain cost-
effective. Costs per QALY were obtained for each process,
but these would pertain only to the margin, and could not
tell us how long we should keep adding units to the fleet.
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Table 67.1. Previous economic evaluations of EMS interventions for cardiac arrest

Incremental cost-

effectiveness $

Author (year) Intervention Comparator Perspective Costs Included per life saved

Nichol (1996) (17) Reduction in response time: Existing EMS Society EMS and initial 2,627, 000

In all-ALS system by adding agency hospital costs 

ALS providers only; not ICD 

or ambulatory 

costs

In BLS�ALS system

by adding defibrillator- 383,500

capable first responders in

fire vehicles

by adding defibrillator- 1,134,400

capable first responders in

EMS vehicles

Change from all-ALS system to

BLS�ALS system

by adding defibrillator-capable 286,900

first responders in fire vehicles

by adding defibrillator-capable 678,200

first responders in EMS vehicles

Jermyn (2000) (18) Implementation of first responder Existing EMS EMS Training and 

defibrillation program agency consumables 

but not capital 

equipment

In urban setting 7,800

In rural setting 57,400

Ornato (1988) (19) Treatment by range of emergency Existing EMS EMS Training costs

medical technicians (EMT) agency only

EMT 12,900

Defibrillation-capable 3,600

EMT 3,800

Advanced cardiac life support

Urban (1981) (20) Advanced cardiac life support Existing EMS Societal EMS and 91,900

agency initial hospital

costs only

Hallstrom (1981) Rapid defibrillation by EMTs; EMTs without EMS EMS costs 48,100

(21) rapid defibrillation by EMTs with defibrillation assumed 

paramedic backup response. 80,900

Valenzuela (1990) Advanced cardiac life Existing EMS EMS Training, 181,000

(22) support agency equipment and

on-time costs

Jackobsson  (1987) EMTs Existing EMS Societal EMS and 2,800

(23) agency hospital only 



Fischer et al.29 carried out a somewhat different exercise
that also compared the cost-effectiveness of a new practice
with that of an existing practice. Although this study looked
beyond marginal changes in resources, it was carried out
from the perspective of an emergency service (in terms of
cost per second of a reduction in response time). It did not
compare the cost-effectiveness of an emergency service
with that of other parts of a health service or use cost per
QALY as a unit of measurement. A third study (the OPALS
study)30 claims that average response times should be lower
than present response times (because benefits increase
exponentially as response times decrease), but says nothing
at all about costs, which increase faster than benefits when
response times decrease sufficiently.

The model

We now outline a means of estimating the optimal size
of an EMS service. This outline is for demonstration and

pedagogical purposes and needs to be adapted to local cir-
cumstances before being used to guide decision-making in
a EMS agency.

The model used is therefore a simple one. Since most
of the estimates were derived from studies in England,
the analysis is in pounds sterling (£), for which the
current exchange rate is £1 � $US1.75. Since costs will
vary from one country to another in ways that are not
accounted for by either the official exchange rate or a
purchasing power parity exchange rate, the model should
use country-specific costs if is to be utilized outside
the UK.

The objective is to express, in terms of response time,
both the total costs and the total benefits of increasing the
size of the emergency service within a given geographical
area and with given technology and procedures. From
there, we find the range of response times for which an
emergency service should be provided, and estimate the
response time that maximizes the total net benefits (�
total benefits � total cost) of the service.
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Table 67.2. Lay responder defibrillation interventions for cardiac arrest

Incremental cost-

effectiveness, $

Author (year) Intervention Comparator Perspective Costs included per life saved

Forrer (2002) (24) Police automated Existing EMS EMS Training and 84,000

defibrillation program agency equipment but not 

in coverage area medical oversight or

quality assurance

Pell (2002) (25) Lay responder Existing EMS Society EMS, hospital and 1,219,300

defibrillation program agency ambulatory but

in all airports, railway not ICD costs

and bus stations

Nichol (1998) (26) Defibrillation by police Standard EMS Society EMS and hospital 107,000

in coverage area agency but not ambulatory 

or ICD costs

Defibrillation by lay 190,000

responders in 

coverage area

Nichol (2003) (27) Defibrillation by Standard EMS Society EMS, hospital, 183,000

security guards in agency ICD and ambulatory

casinos costs

van Alem (2004) (28) Reduction in time Standard EMS Society EMS, hospital 

to shock by agency and ambulatory

costs to six months

but not ICD

2 min 23,400

4 min 19,100

6 min 17,000 



Estimation of total cost

First, we find an expression for annual total cost of an
emergency service in terms of response time, as follows.

We define T to be the time from collapse to defibrillation.
T comprises a lag of “a” minutes from collapse to calling

the EMS, plus b minutes of activation time from receipt of
call to dispatch of responder, plus t minutes of travel time,
plus c minutes from arrival to administration of the first
shock.

Thus T � a � b � t � c. (67.1)

Response time R � b � t (i.e., activation time � travel time)
(67.2)

Travel time t depends on the distance travelled by a
responder, and we assume direct proportionality between
time and distance travelled. The distance travelled will
depend on the number of responders and whether they are
optimally positioned. In the simplest case, assume that the
population is uniformly distributed on an infinite plane
and that the ambulances (which are uniformly spaced)
travel on a rectangular grid. (Think of the ambulances at
the centre of each square on a chess board.) The average
distance travelled will be half the distance to the top or
bottom of the square, plus half the distance to the left or
right boundary. The total distance travelled on average will
therefore be the distance from the center of the square to
the top or bottom. When there are four times as many
ambulances, the average distance will halve; when there
are nine times as many ambulances, the average distance
travelled will be one-third of the original. Thus, for n on-
call ambulances, the average distance will be 1/(the square
root of n) compared with the distance for one ambulance.
It is likely that as the number of responders increases and
average distances fall, average speeds will also fall margin-
ally, and the centralized dispatcher of vehicle placement
will place them less optimally, but in the base case of this
model, those factors have been ignored.

Thus T � a � b � d�n�1/2 � c (67.3)

(If the average speed of responders falls and they become
less optimally placed as n increases, this may be modeled
by changing the exponent on n in the direction of zero. The
exponent on n was estimated by Fischer to be �0.37 for the
Surrey Ambulance Service, but the magnitude of this expo-
nent estimated by using a different but plausible functional
form was �0.43. A reasonable alternative magnitude for
sensitivity analysis would therefore be �0.4.)

Since R � b � t � b � d�n�1/2, by rearranging, we obtain

n � (d/(R � b))2 (67.4)

We assume that costs are proportional to the number of
ambulance units on duty, which we call n � n*, where n are
on-call (and waiting) and n* are in use.

The total cost of equipping, staffing and operating an
ambulance for a year in England is about £300 000 (about
$550000). Thus the total cost (TC) of running (n � n*)
ambulances is about £300 000 (n � n*).

Substituting from (67.4) for n yields 
TC � 300000 (d/(R � b)2 � n*) (67.5)

Note that this analysis has been carried out from an emer-
gency service perspective, because the cost of hospitaliza-
tion and future illness costs for survivors have not been
included in Equation 67.5. From a societal perspective, we
must add to 5 an average hospital cost H and a cost of future
illness of F for each of the N.S survivors, where N is the
number of patients annually carried to hospital with SCA
and where S is the probability of survival for an individual.

We assume that the survival curve T minutes after col-
lapse, derived from the OPALS study,30 is given by

S � exp (�0.23T) (67.6)

Since T � R � a � c, then

S � exp(�0.23(R � a � c)) (67.7)

If N people with SCA are carried by the emergency service
in a year, the expected number of survivors will be

NS � N.exp (�0.23(R � a � c)). (67.8)

Thus the total cost of current and future illnesses of
survivors is 

(H � F)N.exp(�0.23(R � a � c)). (67.9)

Thus from equations 67.5 and 67.9, total societal cost
becomes

TC(soc) � 300000((d/(R � b))2 � n*) �
(H � F)N.exp(�0.23(R � a � c)) (67.10)

Estimation of total benefits

First, we find the total benefits (TB) for SCA patients in
terms of R, from the perspective of the emergency service.

We assume that the NS survivors on average live Y � 6
years at a utility value of 0.7 after an SCA episode, and that
the value of a life-year saved (at utility � 0.7) to the health
service/third-party payer is £21 000, equivalent to £30 000
($52 500) per QALY. Clearly, the threshold cost per QALY
varies from country to country: for the USA, a figure often
used is $100 000; for low-income countries, the figure
would be substantially lower.
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Thus, using equation (67.8),

TB � 21 000. N.Y.exp(�0.23(R � a � c)) 
� 126 000. N.exp(�0.23(R � a � c)) (67.11)

From a societal perspective, some survivors will be able to
return to work. Compared with being on a state pension,
society benefits by the additional production that is mea-
sured by their earned income. For the sake of this exercise
(as we have no data to inform this scenario), we assume that
10% of survivors work at an annual salary of £20 000 for an
additional 5 years, giving an additional benefit of an average
of £10 000 per survivor. Thus total societal benefit is given by

TB (soc) � 136 000. N.exp(�0.23(R � a � c)) (67.12)

Estimation of total net benefit

A net benefit is defined as the difference between benefit
and cost. If the net benefit is positive, the activity will be
worth undertaking; if it is negative, then some combina-
tion of other activities will be worth doing instead.

Thus the total net benefit from the perspective of the
emergency service, using equations (67.5) and (67.11), is
given by

TNB � TB � TC (67.13)

Societal net benefit (SNB) is given by equations (67.10) and
(67.12) as

SNB � TB(soc) � TC(soc) (67.14)

The objects of the exercise are to establish, first, the range
of values of R for which TNB > 0, and second, the value of R
which maximizes TNB, and then to repeat the exercise by
using SNB in place of TNB.

We assume that
• a � c � 4.3 minutes (the sum of the time lag between col-

lapse and contact with the emergency service, plus the
lag between arrival of the emergency service and the first
shock).

(The magnitude of the first lag, a, will probably never be
known accurately, as it relies on people’s notoriously poor
recollections, but it is probably approaching 2 minutes.
The magnitude of the second lag, c, appears to be at least
2 minutes.30 The figure of 4.3 minutes makes the data con-
sistent with the OPALS predicted survival curve.)

• b � 1.5 minutes (control room activation time, from
receipt of call to the departure of a responder).

(The literature suggests that this is between 1 and 2
minutes.)

• N � 1100 SCA patients carried in any one year.
• n � 20 (average number of ambulances on call (and not

in use).

• n* � 8 (average number of ambulances in use).
• d � 33 (assuming average response time is 8.9 minutes

when n � 20, and using equation (67.4)).
(N, n, n* and d are derived from Fischer’s study of the

Surrey Ambulance Service.29 The average response time
was 8 minutes 52 seconds at the time that the Service
was studied. Note that as N, n, n* and d are all inter-
related, it would not be appropriate to change one of
these variables without changing the others. A different
set of these four variables will pertain to each emergency
service.)

• F � £40 000 (� $70 000) of future illness costs for each
survivor.

• H � £1700 (� $3000) of hospitalization costs.
(The values for F and H come from the study of Nichol

et al. (1998) of emergency services in the USA.26 They
have not been adjusted for inflation, because it is likely
that the UK costs would have been a little lower in the
first instance.)
Thus SNB � [149 600 000.exp(�0.23(R � 4.3))] �

[300 000((1095/(R � 1.5))2 � 8) �
41 700.exp(�0.23(R � 4.3))]

� 107 900 000.exp(�0.23(R � 4.3)) �
2 400 000 � 328 500 000/(R � 1.5)2

We show the graphs of total costs and total benefits and the
total net benefits from both a societal perspective and an
emergency service perspective. The difference between
the two results is that the emergency service perspective
stops at the hospital door, whereas the societal perspective
includes proximate hospital costs and all future health
costs of survivors as well as all indirect costs.

According to the assumptions of this model, if the only
benefits from operating an emergency service accrue to
SCA survivors, and to nobody with other conditions, the
service should not be funded, as the net benefits are nega-
tive for all response times. This is shown in Fig. 67.1, where
the net benefits from an emergency service perspective are
maximized at an average response time of 9.2 minutes and
a net benefit of �£1.7 million per year. From a societal per-
spective, the net benefit curve is flat from an average
response time of 10 minutes or more, at a value of �£2.8
million per year.

If the benefits of operating an emergency service for
other conditions are proportional to those of cardiac arrest
for all average response times, and we ascribe a high
enough level of benefit to other conditions, then the net
benefits of an emergency service become positive for a
range of response times. We illustrate this by assuming that
all other uses of an emergency service (at each average
response time) produce the same net benefits as are gained
by people with SCA.
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Figure 67.2 shows how both total costs and total benefits
change as R changes. As more resources are made available
to the service (that is, as R falls) total benefits at first rise
faster than total costs. As response times fall sufficiently,
however, total costs begin to rise faster than total benefits.
The curves cross twice, and at these points, TC equals TB,
and net benefits are zero. Between the two crossing points
(R � 4.7 minutes and R � 13.4 minutes), an emergency
service is justified. The greatest net benefit of £7.6 million

per year occurs when R � 6.5 minutes, as is shown in
Fig. 67.3. From a societal perspective, the two crossing
points are at 5.8 minutes and 11.1 minutes, the optimal R
is at 7.4 minutes and the maximum benefits are estimated
to be £2.2 million per year.

The relationship between 75% response time and average
response time was estimated by Fischer29 to be “75Resp” �
0.136 � 1.163R, so R� 6.5 (the optimum from the emergency
service perspective) corresponds to “75Resp” � 7 minutes
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42 seconds. That is, according to this model, the optimal
target for emergency services in urban areas in Britain is
approximately correct. From the optimal response time, we
calculate that optimal value of n will be n � (33/(6.5 � 1.5))2

� 44 compared with actual 20, and opt (n � n*) will be 44 � 8
� 52 instead of 20 � 8 � 28, a considerable increase. From a
societal perspective, opt R � 7.4 minutes, and “75Resp” �
8.7 minutes, requiring n � 31 ambulances, or n � n* � 39
rather than the actual 28.

The assumption that all calls will have the same average
response time is a simplification. To be carried out more
realistically, response time should have a distribution and
the whole exercise should be done as a Monte Carlo simu-
lation. Since the TC and TB curves are convex to the origin,
the optimal response time will be slightly lower than the
one calculated in this exercise.

The results would indicate that running an emergency
service in a low-income country is probably not a good use
of scarce health care resources, because the willingness
and/or ability to pay for the service is not likely to be suffi-
cient. In a country that is sufficiently wealthy to afford
emergency services, the results depend critically on the
extent of benefits from treating and transporting people
with conditions other than cardiac arrest.

Discussion

This chapter utilizes some simple economic notions to illus-
trate how the cost effectiveness of treatments for SCA can be
both measured and improved. Among these notions is the
idea of opportunity cost applied to otherwise slack time. The
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opportunity cost of such time is zero, so the idea should be
to pack as much new productive work into that time without
losing efficiency in the main task of providing a rapid
response to emergencies. The extent to which this is possi-
ble in practice may be limited. Nevertheless, opportunities
to utilize this time will not be sought if a non-zero price is
placed on such time by people charged with examining the
cost effectiveness of using slack time more productively. But
also important are the ideas of marginal/incremental costs
and benefits; of perspective; and of the pitfalls in appor-
tioning costs to a single disorder when the same individu-
als are on call to treat all disorders. It is relatively easy to
estimate average costs and benefits; marginal costs and
benefits are often much harder to deal with, as the proto-
type modeling exercise on the optimal level of resource pro-
vision indicates. Yet it is the margin that is relevant when
changes to the resource base are proposed. Perspective is
also important, because it determines which costs and
which benefits to include. At the very least, apportioning
costs to life-threatening conditions (or more particularly in
the context of this discussion, to SCA) is fraught with diffi-
culties. In the context of the appropriate provision of
resources for emergency services, the most appropriate
approach is to consider the costs of expanding or contract-
ing the emergency service provider as a whole, and to
compare these costs with the estimated benefits of doing so.

So where are the boundaries of cost effectiveness with
defibrillators?

The first question is whether resources should be put
into PADs or emergency services. The cost-effectiveness of
PADs has been examined in rather more detail than that of
emergency services, probably because the former estima-
tion is much easier to do. For emergency services, it is dif-
ficult both to formulate the problem and to estimate the
benefits at the margin. We have provided a prototype
model that may be modified in many ways, that attempts
to discover the optimal level of emergency service provi-
sion given current practice.

Currently, in high-income countries, PADs may be justi-
fied in cost-effectiveness terms in places where large
numbers of people congregate. How many is the lower
boundary of “large” in this context? Other things being
equal, it will be:
• smaller in the US than in countries that have lower

incomes (and therefore a lower ability to provide health
care resources),

• larger, the proportion of the at-risk members of the gath-
ering fitted with an ICD

• smaller, the lower the cost of acquiring a PAD
• larger, the greater the extent of vandalism (this makes the

average PAD less effective than otherwise)

• smaller, the lower the training and maintenance costs of
PADs

• smaller, utilizing the “slack” time of bystanders as train-
ing time

• smaller, making the device easy for amateurs to use
• larger, the greater the presence and efficiency of emer-

gency services.
For airlines, it would appear that PADs can be justified
for large planes (200� passengers) in the US, but not for
smaller ones. Clearly, this would change if passengers could
be trained in defibrillator use in their waiting (slack) time,
provided that the device were simple enough to use without
prior hands-on experience, and assuming that there is no
“learning-by-doing.” This conclusion also ignores diversion
costs of airliners and the cost of litigation if PADs are not
carried.

The appropriate level of funding of emergency services,
has probably never been properly estimated. That in this
chapter, a crude illustration of how to go about working
out the cost-effectiveness of an emergency service, is
apparently as good an estimate as has ever been pro-
duced, and shows the rudimentary state of the art in this
area. Unlike PADs, which have (arguably) probably been
provided up to the limit of their cost-effectiveness, it
would seem that in many countries, emergency services
have been something of a Cinderella service in health care.

Turning to the model proposed in this chapter, changing
the values of each parameter in turn could be used to
explore the appropriateness of the model in different cir-
cumstances. For example, changing the willingness-to-pay
variable (assumed to be £30 000 per QALY in the above)
would allow a more appropriate analysis for higher-
income countries (USA) and lower-income countries.
Changing N would act as a surrogate for lower population
density. Changing the different assumed time lags would
give an indication of their importance and whether it
would be worthwhile reducing them. Estimating the bene-
fits for carriage of people with life-threatening conditions
other than SCA is very important, as the size of the total
benefit of an emergency service determines whether the
service should be provided, and if provided, at which level.

The model could also be extended to include single
responders as well as fully equipped ambulances. The
optimal mix of these two types of responder could be esti-
mated from such a model.

In most situations, decreasing returns mean that the
provision of a resource will be limited, because eventually
the costs of a further increase of provision will outweigh its
benefits. For emergency services, however, we have shown
that benefits may increase faster than costs at certain levels
of provision, even though the eventual result will be a limit
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in provision. According to the lower curve in Fig. 67.3, the
costs of providing a service with an average response time
of over about 12 minutes would generally outweigh the
benefits of the service (which is why sufficiently remote
areas are not served by emergency services). But as the
response time dips below 12 minutes, the benefit (per
minute of decrease in response time) increases at an
increasing rate, as can be seen from the slope of the curve.
Nevertheless, the cost of resources that will allow a
decrease of a minute of response time will increase as
response time decreases. That is because, if there is a four-
fold increase in the number of ambulances, the travel time
will not on average be one-quarter of the previous time, but
one-half. Thus, at first, the cost-effectiveness of ambu-
lances will actually improve as more resources are added,
and in countries where this is so, there is added reason for
an increase in those resources.

This analysis has several strengths. First, it provides a
framework for decision makers to assess the marginal cost
of improving response time by addition of emergency
response vehicles to an existing EMS system, whereas
most previous analyses have considered the incremental
cost of improving the skill level of providers in the field.
Second, the framework can be adapted to local circum-
stances by substituting local effectiveness values.
Although the overall survival observed in the OPALS study,
the basis of this economic analysis, was low, an EMS
system staffed by highly trained, experienced EMS
providers who treat a high volume of calls and perform a
high volume of procedures each year, with independent
medical oversight and quality assurance can achieve sur-
vival of 15% to 20%31 (and unpublished data, Seattle Medic
One program, August 28, 2005). In Seattle, WA, survival
decreased by 3% with every 1-minute delay in CPR and by
4% with every 1-minute delay in defibrillation.32 Third, the
framework can be adapted to local circumstances by com-
parison to local thresholds for willingness to pay. The latter
is important since a society’s willingness to expand EMS
can depend on the availability of competing alternatives
and adequate resources.

This analysis also has weaknesses. First, it provides a
point estimate of the incremental cost of improving
response time. Since it relies on several assumptions, there
is likely to be large uncertainty in this estimate. Future
extensions of this model should use Monte Carlo simulation
to evaluate this uncertainty. Second, the model assumes
that technology and dispatch protocols are constant
through time. Response time can be improved by changes in
both technology and protocols, however, or location of vehi-
cles closer to where calls are likely to occur. The costs of
these alternate interventions were not considered. Third,

this analysis underestimates the incremental cost-effective-
ness by assuming no benefit to use of emergency vehicles
for other conditions in one case, and by artificially assuming
that cardiac benefits are half of all benefits in the other case.
Fourth, the use of OPALS data underestimates survival by
assuming zero survival once a VF rhythm has ceased.
Despite these limitations, we believe that this analysis rep-
resents an important advance over previous analyses of the
economics of EMS interventions, and should be validated in
a variety of settings.

REFERENCES

1. Engdahl, J. & Herlitz, J. Localization of out-of-hospital cardiac

arrest in Goteborg 1994–2002 and implications for public

access defibrillation. Resuscitation 2005; 64(2): 171–175.

2. Culley, L.L., Rea, T.D., Murray, J.A. et al. Public access defibril-

lation in out-of-hospital cardiac arrest: a community-based

study. Circulation 2004; 109(15): 1859–1863.

3. Riediger, G. & Fleischmann-Sperber, T. Efficiency and cost-

effectiveness of advanced EMS in West Germany. Am. J. Emerg.

Med. 1990; 8(1): 76–80.

4. Brazier, J., Nicholl, J. & Snooks, H. The cost and effectiveness of

the London Helicopter Emergency Medical Service. J. Health

Serv. Res. Policy 1996; 1(4): 232–237.

5. Snooks, H.A., Nicholl, J.P., Brazier, J.E. & Lees-Mlanga, S. The

Costs and Benefits of Helicopter Emergency Ambulance

Services in England and Wales. J. Public Health Med. 1996;

18(1): 67–77.

6. Daberkow, S.G. Location and cost of ambulances serving a

rural area. Health Serv. Res. 1977; 12(3): 299–311.

7. Pascarelli, E.F. & Katz, I.B. Planning and developing a prehos-

pital mobile intensive care system in an urban setting. Am. J.

Public Health 1978; 68(4): 389–393.

8. Kurola, J., Wangel, M., Uusaro, A. & Ruokonen, E. Paramedic

helicopter emergency service in rural Finland – do benefits

justify the cost? Acta Anaesthesiol. Scand. 2002; 46(7): 779–784.

9. Gearhart, P.A., Wuerz, R. & Localio, A.R. Cost-effectiveness

analysis of helicopter EMS for trauma patients. Ann. Emerg.

Med. 1997; 30(4): 500–506.

10. Lechleuthner, A., Koestler, W., Voigt, M. & Laufenberg, P.

Helicopters as part of a regional EMS system – a cost-effective-

ness analysis for three EMS regions in Germany. Eur. J. Emerg.

Med. 1994; 1(4): 159–166.

11. Bruhn, J.D., Williams, K.A. & Aghababian, R. True costs of air

medical vs. ground ambulance systems. Air Med. J. 1993; 12(8):

262–268.

12. Nicholl, J.P., Beeby, N.R. & Brazier, J.E. A comparison of the

costs and performance of an emergency helicopter and land

ambulances in a rural area. Injury. 1994; 25(3): 145–153.

13. Hauswald, M. & Yeoh, E. Designing a Prehospital System for a

Developing Country: Estimated Cost and Benefits. Am. J.

Emerg. Med. 1997; 15: 600–603.

1224 A. Fischer and G. Nichol



14. Suchard, J.R., Fenton, F.R. & Powers, R.D. Medicare expendi-

tures on unsuccessful out-of-hospital resuscitations. J. Emerg.

Med. 1999; 17(5): 801–805.

15. Cretin, S. Cost/benefit analysis of treatment and prevention of

myocardial infarction. Health Services Research. 1977; 12(2):

174–189.

16. Lammers, R.L., Roth, B.A. & Utecht, T. Comparison of ambu-

lance dispatch protocols for nontraumatic abdominal pain.

Ann. Emerg. Med. 1995; 26(5): 579–589.

17. Nichol, G., Laupacis, A., Stiell, I. et al. A cost-effectiveness

analysis of potential improvements to emergency medical ser-

vices for victims of out-of-hospital cardiac arrest. Ann. Emerg.

Med. 1996; 27(6): 711–720.

18. Jermyn, B.D. Cost-effectiveness analysis of a rural/urban first-

responder defibrillation program. Prehosp. Emerg. Care 2000;

4(1): 43–47.

19. Ornato, J.P., Craren, E.J., Gonzalez, A., et al. Cost-effectiveness

of defibrillation by emergency medical technicians. Am. J.

Emerg. Med. 1988; 6: 108–112.

20. Urban, N., Bergner, L. & Eisenberg, M.S. The costs of an subur-

ban paramedic program in reducing deaths due to cardiac

arrest. Med. Care 1981; 19: 379–392.

21. Hallstrom, A., Eisenberg, M.S. & Bergner, L. Modeling the

effectiveness and cost-effectiveness of an emergency service

system. Soc. Sci. Med. [Med. Econ]. 1981; 15C(1): 13–17.

22. Valenzuela, T., Criss, E.A., Spaite, D. et al. Cost-effectiveness

analysis of paramedic emergency medical services in the treat-

ment of prehospital cardiopulmonary arrest. Ann. Emerg. Med.

1990; 19: 1407–1411.

23. Jakobsson, J., Nyquist, O., Rehnqvist, N. et al. Cost of a life

saved following out-of-hospital cardiac arrest resuscitated by

specially trained ambulance personnel. Acta Anesthesiol.

Scand. 1987; 31: 426–429.

24. Forrer, C.S., Swor, R.A., Jackson, R.E., Pascual, R.G., Compton,

S. & McEachin, C. Estimated cost effectiveness of a police

automated external defibrillator program in a suburban

community: 7 years experience. Resuscitation 2002; 52(1):

23–29.

25. Pell, J.P., Sirel, J.M., Marsden, A.K., Ford, I., Walker, N.L. &

Cobbe, S.M. Potential impact of public access defibrillators on

survival after out of hospital cardiopulmonary arrest: retro-

spective cohort study. Br. Med. J. 2002; 325(7363): 515.

26. Nichol, G., Hallstrom, A., Ornato, J.P. et al. Potential cost-

effectiveness of public access defibrillation in the United

States. Circulation 1998; 97(13): 1315–1320.

27. Nichol, G., Valenzuela, T., Roe, D., Clark, L., Huszti, E. & Wells,

G.A. Cost effectiveness of defibrillation by targeted responders

in public settings. Circulation 2003; 108(6): 697–703.

28. van Alem, A.P., Dijkgraaf, M.G., Tijssen, J.G. & Koster, R.W.

Health system costs of out-of-hospital cardiac arrest in rela-

tion to time to shock. Circulation 2004; 110(14): 1967–1973.

29. Fischer, A.J., O’Halloran, P., Littlejohns, P., Kennedy, A. &

Butson, G. Ambulance Economics Journal of Public Health

Medicine 2000; 22,(3): 413–421.

30. De Maio, V.J., Stiell, I.G., Wells, G.A. & Spaite, D.W. Optimal

defibrillation response intervals for maximum out-of-hospital

cardiac arrest survival rates. Ann. Emerg. Med. 2003; 42(2):

242–250.

31. Fahrenbruch, C.E., Olsufka, M. & Copass, M.K. Changing inci-

dence of out-of-hospital ventricular fibrillation, 1980–2000.

J. Am. Med. Assoc. 2002; 288(23): 3008–3113.

32. Weaver, W.D., Cobb, L.A., Hallstrom, A.P. et al. Considerations

for improving survival from out-of-hospital cardiac arrest.

Ann. Emerg. Med. 1986; 15: 1181–1186.

The economics of treating sudden cardiac arrest 1225



Part 1: Introduction

Discussing the law in the context of cardiovascular resusci-
tation would seem to involve a small number of topics.
Most commonly, one might consider the malpractice con-
sequences of negligence in the conduct of medical person-
nel performing cardiopulmonary resuscitation for a dying
patient. Certainly, malpractice law is a legal aspect of car-
diopulmonary resuscitation (CPR). Yet, because of the
nature of the act of CPR, it rarely, alone, becomes the focus
of malpractice litigation. Most commonly, malpractice liti-
gation focuses upon the alleged malpractice that leads up
to a patient’s resuscitation. However, when the resuscitative
efforts of medical professionals are the focus of a malprac-
tice suit, the legal theories may be similar to those one may
find in other malpractice litigation (e.g., negligent adminis-
tration of drugs or negligently performing procedures) to
more unique causes of action that arise from the resuscita-
tion of a patient with Do-Not-Resuscitate (DNR) orders,
such as the wrongful life legal complaint when the patient
designated as a “DNR patient” is successfully resuscitated.
Indeed, the more one delves into topics related to the law
and CPR, the more one finds that to do adequate justice to
the topic one must study the bioethics of death and dying
and the evolution of advanced directives and how they
apply to all patients – competent and incompetent alike.
Because the law relating to death and dying is at the cusp of
the interface between bioethics and the law, one must also
pursue an understanding of the evolution of our laws as
they relate to personhood, self-autonomy, and privacy. The
“law of privacy” is still controversial in the United States
because the concept of privacy as a “right of privacy” largely

became a critical issue in legal cases that involved contra-
ception, sexuality, and abortion.1 Although readers may
disagree about the validity of the evolution of the law as it
relates to death, dying, and resuscitation, it is the law of the
land in the United States, and understanding such law
enables one to understand the evolution of this law.

In order to see the relationships between the evolution of
the law related to death and dying (and thereby, resuscita-
tion) one must begin with the bioethical philosophies that
gave rise to some of the legal concepts that have emerged in
the course of litigation and legislation. Nevertheless, it
would be naïve to consider that an overview of bioethical
considerations could ever do justice to the complexities of
the topic. Similarly, it would be naïve to consider that any
system of thought could adequately address all of the issues
that relate to any particular individual’s problems in the
course of treating each patient in clinical practice. One can
only hope to provide ethical and legal information as tools
that the clinician may utilize to solve the ethical and legal
dilemmas that confront us in the practice of medicine.

Courts have looked to some principles within their
common law and precedents that overlap with bioethical
principles, such as the concept of patient autonomy. In the
present legal climate, for most scenarios, patient auton-
omy, the right to self-determination, and the right to
privacy have emerged as the leading principles that courts
will use in medical decision-making cases. As medicine’s
capability to preserve life became technologically more
advanced over the past 35 years, courts have had to face
controversies in patient care decision-making that had pre-
viously been non-issues. Although it is not always apparent
from reading courts’ opinions, judges will often look
beyond precedents for guidance for their jurisprudence.
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They may delve into bioethical literature, but how judges
use that literature may sometimes be in direct conflict with
how healthcare providers may apply such literature in
treating their patients. In fact, some court decisions regard-
ing issues of patient care and end-of-life decision-making
may make sense from a legal point of view, but may seem to
be a perverse decision from a healthcare provider’s point of
view. Nevertheless, parallels between bioethical principles
and legal principle may be drawn.

For example, over the last 35 years, medical ethics has
been dominated by a body of thought that is often referred
to as “principlism” in the bioethics literature. The tenets of
principlism may be traced back to The Belmont Report that
was a product of the National Commission for the
Protection of Human Subjects.2 Created by the National
Research Act of 1974 (PL 93-348), the Commission was
given the charge to develop ethical guidelines in human
research. The four basic principles that were proposed
by The Belmont Report were autonomy, beneficence, non-
maleficence, and justice. Principlism was primarily
brought into the mainstream of bioethics by the influence
of the authors Tom Beaucamp and James Childress in their
publication Principles of Biomedical Ethics.3

One would think that the legal application of patient
autonomy, for example, would merge with the bioethical
principles of patient autonomy, and indeed, in some cases
they do. The primacy of patient informed consent and
informed refusals within medicine arguably were merged
from the legal concepts of the same names as they devel-
oped within the law. Nevertheless, medicine generally will
contend with environments wherein patients and health-
care providers will agree with medical care. That is,
patients desire their ability to make autonomous decisions
given the appropriate communication with their treating
physicians. Courts, on the other hand, must contend with
scenarios where providers, their patients, and the patient’s
surrogates are in conflict. Within those conflicts lies the
divergence between principles that seem to be so similar in
law and medicine. In some cases, as will be discussed later,
a court may actually avoid confronting critically important
issues that confront physicians and bioethicists because
such issues are far from settled issues for medicine – for
example, concepts of futility, ethnocentric issues, and
gender issues.

Bioethicists do have the freedom to venture into contro-
versial issues without having to be concerned about the
legal concepts with which courts must contend, such as
stare decisis. Stare decisis represents the legal doctrine of
precedent, under which it is necessary for a court to follow
earlier judicial decisions within their jurisdiction when the
same points arise again within litigation. Additionally,

judges must always be aware that their decisions must be
respected by other courts within their jurisdictions under
the same doctrine of stare decisis. Bioethicists do not have
to follow such doctrine, nor do healthcare providers.
Hence, bioethicists may freely criticize that the concepts of
principlism represent the bioethics of the privileged
patient and fail to take into account the inequities of
gender and race. Legal scholars have a similar freedom to
criticize judicial decisions as decisions that represent value
systems applied by largely male, well-insured judges.
Nonetheless, judges must be constrained by the accepted
principles of law and the future consequences of their
decisions. Additionally, although there are valid legal criti-
cisms that some judges have ‘legislated from the bench,’
judges must deal with conflicts and controversies within a
body of law that must be constrained by the will of the
people, and leave making new law to the representatives in
the legislatures of our system of government. It is because
of some of these legal constraints on the courts that paral-
lel concepts in medicine and the law diverge.

To shed light on the differences between decision-
making in medicine versus decision-making in the law, it is
useful to discuss some cases. It is an accepted biomedical
principle throughout the medical community that the
concept of patient autonomy includes the right of a patient
to be a fully informed participant in every aspect of the
medical decision-making process as well as the right to
refuse a prescribed treatment, even if such treatment is
life-saving treatment. However, patient autonomy does
not give rise to the entitlement to receive inappropriate or
futile treatment.4 “No ethical principle or law has ever
required physicians to offer or accede to demands for
treatments that are futile. Even civil malpractice standards
do not require a physician to render useless interven-
tions.”5 But, in 1991, a Minnesota Probate Court Decision
rendered an opinion that forced a patient’s healthcare
providers to render care that many would consider futile.6

In December of 1989, an 86-year-old woman by the
name of Helga Wenglie broke her hip.7 After successful
treatment at Hennepin County Medical Center (HCMC),
she was sent to a nursing home. A month later, however,
she developed respiratory failure, returned to HCMC, and
had to be supported with mechanical ventilation.8

Although conscious and aware of her surroundings,
attempts to wean Ms. Wanglie from her ventilator repeat-
edly failed over the ensuing 5 months.9

Subsequently, Ms. Wanglie was transferred to a facility
that cared for ventilator-dependent patients. While at this
facility she had a cardiopulmonary arrest, was resusci-
tated, and was transferred to an acute care hospital in
St. Paul. Because Ms. Wanglie had suffered brain injury
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from oxygen deprivation after the cardiopulmonary arrest,
she remained in a persistent vegetative state. Her health-
care providers suggested limiting further life-support
treatment and removing her from the ventilator, but her
family resisted the suggestion, and had her transferred
back to HCMC. However, the healthcare providers at
HCMC reached the same conclusion that Ms. Wanglie
would remain in a persistent vegetative state and also sug-
gested that Ms. Wanglie be removed from the ventilator.
Again, resisting the medical staff’s opinion regarding the
poor prognosis for Ms. Wanglie, the family believed that
only God could take a life, and that allowing the medical
staff to remove Ms. Wanglie from her ventilator would be
the moral equivalent of playing God.10

An HCMC ethics committee reviewed Ms. Wanglie’s case
and initially advised that the hospital staff should err on
the side of continuing treatment while the hospital staff
make reasonable attempts to resolve the moral conflicts
between the family and the staff. Furthermore, HCMC and
the Wanglie family made extensive, unsuccessful efforts to
find another provider that would be willing to accept the
transfer of Ms. Wanglie to that provider. Ms. Wanglie had
become the medical equivalent of a “hot potato.”11

The hospital turned to the courts to attempt to solve the
problem.12 The hospital first sought the appointment of an
independent conservator to decide if the continued use of
the mechanical ventilator was beneficial for Ms. Wanglie.
Secondarily, if the independent conservator found that the
mechanical ventilation was not beneficial, the hospital
sought a judgment from the court as to whether the hospi-
tal had a duty to continue to provide the ventilator support.
Mr. Wanglie filed a motion to be appointed conservator of
his wife. After a 4-day trial, Judge Patricia L. Belois found
clear and convincing evidence that Mr. Wanglie was the
best person to be Mrs. Wanglie’s conservator.13 Judge Belois
found that Mr. Wanglie was in the best position “to investi-
gate and act upon Helga Wenglie’s conscientious, religious,
and moral beliefs” and noted that “[e]xcept with regard to
the issue of removing the ventilator, [he] has thoughtfully
agreed with the treating physicians about every major deci-
sion in his wife’s care.”14 Mr. Wanglie then demanded that
the hospital continue his wife’s death-delaying treatment.15

After Mr. Wanglie was appointed conservator, the hospital
agreed to continue to provide respiratory support to Helga
Wanglie, although her physicians deemed such treatment
to be non-beneficial because it would not heal her lungs,
palliate her suffering, or enable her to experience life.16

Ironically, Ms. Wanglie died several days after her husband
had been appointed her conservator by the court.

Although it was evident in Wanglie that the health-
care providers were clearly addressing the concept of the

futility of Ms. Wanglie’s respiratory support, the court suc-
cessfully ducked the issue of futility. One can speculate
that the court appropriately avoided dealing with that
issue because to rule on the futility of Ms. Wanglie’s care
would be the equivalent of forming a definition of futile
care in Minnesota. Under the doctrine of stare decisis,
such a decision would have lasting consequences on
similar controversies heard by other courts in the juris-
diction. However, the court’s decision resulted in forcing
the providers for Ms. Wanglie to continue “futile” or “non-
beneficial” care, an act that bioethical principles would
generally not support.

Another case that illustrates the divergence between
medical ethics and the law can be found in In re Baby K.17 In
October of 1992, Baby K was born with anencephaly.18 She
had suffered from breathing difficulties at birth and
required mechanical ventilation.19 Her initial respiratory
support gave her physicians time to explain to her mother
that babies with anencephaly usually die within a few days
from respiratory failure and other complications.20 Because
aggressive treatment would serve no therapeutic or pallia-
tive purpose, Baby K’s physicians recommended that she
should be provided with only supportive care including
nutrition, hydration, and warmth.21 They also discussed the
possibility of a Do-Not-Resuscitate (DNR) order for Baby K.

The mother refused to allow the removal of needed res-
piratory support and refused to allow the DNR order.22 As a
result of the disagreement between the mother and the
caretakers, the hospital sought to transfer Baby K to
another hospital, but all the hospitals with pediatric inten-
sive care declined to accept the transfer.23 Like Mrs.
Wanglie, Baby K had become a medical hot potato.24 But,
by November 1992, Baby K was able to survive without
mechanical ventilation so the hospital arranged to transfer
her to a nearby nursing home.25

After being transferred to the nursing home, Baby K
required three return visits to the acute care hospital
wherein she was given respiratory support, stabilization,
and a return to the nursing home.26 After her second
admission, the hospital filed an action in a federal district
court in the 4th Circuit Court to resolve the issue as to
whether it was obligated to provide emergency medical
treatment to Baby K that it deemed medically and ethically
inappropriate.27 Note that this case was heard in a federal
court because most of the issues that arose giving the court
jurisdiction over this case surrounded the Emergency
Medical Treatment and Active Labor Act (EMTALA) rather
than the futility of providing Baby K with continued
medical treatment.28 The hospital sought a declaratory
judgment that it was not obligated under EMTALA to
provide treatment other than warmth, nutrition, and
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hydration to Baby K.29 The district federal court held that
the hospital was obligated to treat Baby K’s breathing diffi-
culty since it qualified as an emergency medical condition,
which triggers the hospital’s duty under EMTALA to
provide stabilizing treatment within their capacity. The
hospital appealed to the Fourth Circuit Court of Appeals,
which confirmed the district court’s decision.

Both courts’ decisions hinged on the strict interpreta-
tion of EMTALA, which has been the approach the federal
courts have generally taken when addressing issues
surrounding EMTALA. EMTALA requires a hospital to
provide stabilizing treatment within its capabilities to any
patient who presents to the hospital with an emergency
medical condition.30 Baby K would present to the hospital
filing the appeal from the nursing home with respira-
tory distress, an emergency medical condition under
EMTALA. The hospital argued that (1) the court had pre-
viously interpreted EMTALA as only requiring uniform
treatment of all patients exhibiting the same condition;
(2) that in prohibiting disparate emergency medical treat-
ment Congress did not intend to require physicians to
provide treatment outside the prevailing standard of
medical care; (3) that an interpretation of EMTALA that
requires a hospital to provide respiratory support to an
anencephalic infant fails to recognize a physician’s ability,
under Virginia law, to refuse to provide medical treat-
ment that the physician considers medically or ethically
inappropriate; and (4) that EMTALA only applies to
patients who are transferred from a hospital in an unsta-
ble condition.31

The 4th Circuit Court of Appeals rejected all of the hos-
pital’s arguments. On the first point, the court determined
that the non-discrimination aspect of EMTALA applied to
the application of the medical screening exam require-
ment of EMTALA, pointing out that the statute requires
that a hospital must provide stabilizing treatment as
required to prevent the material deterioration of a patient’s
condition.32 Rejecting the hospital’s second argument, the
court stated that the plain language of EMTALA included
stabilizing treatment to patients with emergency medical
conditions and it was outside its “judicial function” to go
beyond the statute in considering the issues regarding
morally and ethically inappropriate care.33 The court sug-
gested that the defendants should redress these policy
concerns not to the court, but to Congress.34

The hospital’s third argument was based upon the
Virginia Health Care Decisions Act, which recognized that
the statute did not expect the doctors in the state to provide
treatment they considered to be medically or ethically
inappropriate.35 The Fourth Circuit rejected this argument
because of a well-established federal jurisdiction doctrine

of pre-emption. The doctrine requires that when state laws
are in direct conflict with laws passed by Congress, the
state laws are invalid where the states law conflicts directly
with a federal law.36 The hospital’s final argument was also
rejected by the court based upon the strict interpretation of
EMTALA.

Baby K is illustrative of the courts’ restrictions in inter-
preting moral issues that confront medicine. Federal
courts have generally interpreted EMTALA as a strict liabil-
ity statute (with some exceptions that have not withstood
the test of time).37 From a legal point of view, the court fol-
lowed stare decisis by respecting previous decisions of
other federal courts addressing EMTALA. Additionally, this
court recognized that its duty was to interpret the law, not
to legislate it. By refusing to address policy concerns
regarding medically and ethically inappropriate care, the
court properly suggested that the venue for addressing
policy issues in the law is Congress.

From a moral and ethical point of view, however, the
decisions in Baby K and Wanglie are frustrating to many
healthcare providers and bioethicists because, in fact, the
courts avoided the bioethical concerns that were at the
heart of the provider’s concerns. It is important to remem-
ber during the course of studying decisions made by courts
regarding moral issues that confront medicine that easy
and clear solutions may not be forthcoming from our
courts. Moral and policy issues in medicine are profoundly
more complex than those which we may be able to expect
the courts to solve. Certainly, our society has made
progress in the arena of patient care decision-making over
the last 35 years, but we still have a long way to go.

Part 2: Advanced directives and the
patient self-determination act

Strictly speaking, advanced directives relate to any type of
document that either empowers someone to act as a sur-
rogate decision-maker in the event of a person’s incapacity
or any document that provides some guidance of a person’s
intents and desires in the event of that person’s incapacity.
Black’s Law Dictionary includes both a durable power of
attorney document as well as the document often referred
to as a living will.1 In other words, advanced directives are
. . . “written instructions . . . recognized under state law,
relating to the provision of health care when an individual’s
condition makes him or her unable to express his or her
wishes.”2 Since the beginning of the last decade of the
twentieth century, all states and the District of Columbia
have enacted some form of advanced directive legislation.3
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Although the concept of a living will was first proposed in
the late 1960s as a response to newly developing medical
technology that could prolong a patient’s life, the discus-
sion was relegated primarily to the medical and legal liter-
ature until the story of Karen Ann Quinlan became a “cause
celebre” in the mid-1970s.4 In fact, inquiring about an
opinion regarding Karen Ann Quinlan became a popular
interview question in the late 70s for prospective medical
students.5

Karen Ann Quinlan entered into a persistent vegetative
state (PVS) after she had ingested some combination of
narcotic-based drugs.6 Although she did exhibit some
basic motor reflexes, it was apparent to her doctors that
she was unlikely to awaken from her PVS. At some point,
Ms. Quinlan’s father sought judicial approval to disconnect
his daughter from her mechanical ventilator and allow her
to die. However, there were no advanced directives that
had been executed by this 21-year-old woman. There
existed only indirect evidence that she would not have
wanted to continue to live in the condition that she was
enduring at the time of her father’s petition to the court.
Having no precedent, the court accepted her alleged casual
oral remarks that she would not have wanted to live in her
condition and held that Ms. Quinlan’s autonomy should
not be discarded merely because she could no longer exer-
cise it on her own.7

Subsequently, much public debate ensued regarding
life-prolonging treatment, extraordinary measures to
prolong life, persistent vegetative states, and method-
ologies to allow patients to exert their rights to self-
determination after such patients became incompetent.
Living wills became one answer to dealing with an incom-
petent patient’s right to self-determination. Likewise, doc-
uments such as durable power of attorney for health were
also advocated.8 It is beyond the scope of this writing
to discuss the details of executing advance directives;
however, it is prudent to be aware of the Patient Self-
Determination Act and its effects, or lack thereof, on the
utilization by patients of advance directives.9

Although not without criticisms, advance directives
became tools that patients could use to direct their
own medical care in the event that these patients became
incompetent. In an attempt to buttress the use of advance
directives, the US Congress enacted the Patient Self-
Determination Act of 1990 (PSDA).10 Applying to all hos-
pitals, skilled nursing facilities, home health agencies,
hospice programs, and managed care organizations
receiving Medicaid and/or Medicare funding, the PSDA
requires providers to maintain written policies and pro-
cedures that will educate patients and the public as to
their right to execute advance directives and to direct

their medical care after the time they may lose their
decision-making capacity.11 The providers must also
provide materials that inform all adult individuals receiv-
ing medical care of that individual’s right under state
law to make decisions concerning their medical care,
including the right to refuse medical or surgical treat-
ments.12

Being another unfunded mandate such as EMTALA,
the whole thrust of the PSDA was to alert the public
about advance directives with the hope that more indi-
viduals would begin to use them.13 Nonetheless, numer-
ous authors have criticized the PSDA as being an abject
failure for numerous reasons.14 One fairly obvious reason
is that few patients being admitted to any of the PSDA-
mandated institutions are focused on many of the docu-
ments that they are routinely given and asked to sign
when they enter into these institutions. Additionally, in
the absence of any incentives to do so, little time is taken
by the personnel providing the written documentation to
explain what the documents actually mean. Physicians
have no incentives under the PSDA to spend time with
their patients discussing advance directives. Merely being
aware that one has legal rights is not the equivalent of
having the requisite understanding in order to execute
documents asserting those rights. Furthermore, without
adequate knowledge under the informed consent doc-
trine, one could argue that even executed advance direc-
tives may not actually allow patients to exercise their
rights of self-determination.

In the end, making patients aware of advance direc-
tives will not necessarily encourage our patients to take
advantage of them. Many laypersons have insufficient
information with which to understand the ramifications
of such advance directives in the absence of having advi-
sors who can explain what such documents actually
mean. Furthermore, being documents that are executed
before a person loses decision-making capacity, health-
care providers, surrogates, and courts may find that a
patient’s advance directives do not address the health-
care issues that an incompetent patient may actually be
facing.

Part 3: Evolution of the law of healthcare
decision-making

The legal theories and precedents that are now used in the
course of litigation involving healthcare decision-making
largely evolved from litigation that occurred in the latter
part of the twentieth century. Indeed, most of the hallmark
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decisions that delineated the law of healthcare decision-
making largely evolved out of constitutional issues that
were evaluated by the United Stated Supreme Court (with
some exceptions). We must look to the cases of the
Supreme Court to understand the evolution of healthcare
decision-making. But first, the constitutional concept of
implied fundamental rights must be introduced.1

The United States Constitution protects a number of
individual rights. For example, the right to equal protection
under the law is an express right granted by the Fourteenth
Amendment of the United States Constitution.2 The right
to free speech is an express right that is provided by the
First Amendment of the US Constitution.3 However, many
of the Supreme Court decisions rely upon rights that have
been defined by the Court as fundamental rights, yet have
not clearly been listed in the Constitution. Over the years,
the fundamental rights upon which the Supreme Court
relied that are not clearly delineated by the Constitution
have come to be known as implied fundamental rights.
One of the frequently used implied fundamental rights in
decisions involving healthcare decision-making is the
right to privacy.

In common law, one can see that early concepts of
one’s right to freedom from interference with one’s
person were already expressed in criminal law, namely
the tort of battery. Battery is defined as a harmful or
offensive contact with a person, resulting from an act
intended to cause the plaintiff or a third person to suffer
such a contact.4 A mere touching of an individual against
one’s will is enough to cause a battery; however, the act
must have been intended rather than accidental. It still
holds true that if a physician intentionally performs an
unwanted touching of a patient, a battery has been
committed by that physician. Yet, battery is not a concept
that was sufficiently broad to satisfy the complexities of
medicolegal jurisprudence.

American law developed throughout its history with
the underlying, carefully guarded concept that every
person holds the right to be free from unwanted contact
from others as well as unwanted restraints by others.
Although, at times, the activities of the population in the
United States had double standards with regard to this
type of personal freedom (e.g., slavery), even in the nine-
teenth century there were jurists who were protecting
such rights. For example, in 1891, the US Supreme Court
asserted that

No right is held more sacred, or is more carefully guarded by the

common law, than the right of every individual to the possession

and control of his own person, free from all restraint or interfer-

ence of others, unless by clear and unquestionable authority of

law.5

An early twentieth-century recognition by a court of
a person’s right to self-determination was uttered by
J. Cardozzo in a 1914 decision in Schlendorf v. Society of
N.Y. Hosp. wherein he stated that “[e]very human being
of adult years and sound mind has the right to deter-
mine what shall be done with his body.”6 Another early
recognition by a court suggesting that a right to privacy
existed was described in a dissent by Justice Brandeis in a
case decided in 1928 (during Prohibition). The case
involved defendants who were convicted of violating the
National Prohibition Act with evidence gathered by the
new technique of telephone tapping. In dissenting from
the conviction, Justice Brandeis asserted that the protec-
tion guaranteed by the Amendments (of the United States
Constitution)

[I]s much broader in scope. The Makers of our Constitution under-

took to secure conditions favorable to the pursuit of happiness.

They recognized the significance of man’s spiritual nature, of his

feelings, of his intellect. They knew that only a part of the pain,

pleasure, and satisfactions of life are to be found in material things.

They sought to protect Americans in their beliefs, their thoughts,

their emotions and their sensations. They conferred, as against the

Government, the right to be let alone – the most comprehensive of

rights and the right most valued by the individual. (Emphasis by

author)7

Privacy and implied fundamental rights

Over time, the judiciary has evolved the concept of implied
fundamental rights largely from the “liberty” protected by
the due process clause of the Fifth and Fourteenth
Amendments of the United States Constitution.8 In fact,
many writers support the approach of deriving implied
fundamental rights from the Constitution by pointing out
that the Ninth Amendment of the Constitution avers that
there exist other valid rights supported by the Constitution
that have not been enumerated in the Constitution.9

Although there are constitutional scholars who debate
the validity of implied fundamental rights under our
Constitution, the fact of the matter is that the Supreme
Court has based many decisions upon the existence of
implied fundamental rights. Hence, the right to privacy is
here to stay, for now. The debate regarding whether the
US Constitution actually accommodated the concept of
implied fundamental rights is beyond the scope of this
essay.10

The right to privacy may be said to have obtained its
stature as an established implied fundamental right in a
contraception case in the mid-1960s when the Supreme
Court heard Griswold v. Connecticut.11 This case involved
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a Connecticut statute that prohibited any person from
using “any drug, medicinal article, or instrument for the
purpose of preventing contraception.”12 Griswold was the
Executive Director of the Planned Parenthood League of
Connecticut, who was the appellant to the Supreme Court
along with Dr. Buxton, who was a licensed physician and a
professor at the Yale Medical School who served as the
medical director for the League at its Center in New
Haven. The appellants had been convicted as accessories
to the violation of the Connecticut contraception statute
by a married couple whom they advised and who had used
contraceptives.

Justice Douglas delivered the opinion of the Court. In the
course of his opinion, Justice Douglas evolved the right to
privacy in one of the most obscure statements in Supreme
Court history. After proceeding past a discussion of various
cases involving “rights of assembly,” Justice Douglas
created the “zone of privacy” right:

The foregoing cases suggest that specific guarantees in the Bill of

Rights have penumbras, formed by emanations from those guar-

antees that help give them life and substance . . . Various guaran-

tees create zones of privacy . . . [t]he present case, then, concerns

a relationship lying within the zone of privacy created by several

fundamental constitutional guarantees. And it concerns a law

which . . . seeks to achieve its goals by means of having a maximum

destructive impact upon that relationship. Such a law cannot stand

in light of the familiar principle . . . that a governmental purpose to

control or prevent activities constitutionally subject to state regu-

lation may not be achieved by means which sweep unnecessarily

broadly and thereby invade the area of protected freedoms. NAACP

v. Alabama, 377 U.S. 288,307. Would we allow the police to search

the sacred precincts of marital bedrooms for telltale signs of the

use of contraceptives? The very idea is repulsive to the notions of

privacy surrounding the marriage relationship.13

Hence, the zone, or the right, of privacy was born from the
emanations formed from a penumbra of the Bill of Rights.
Many lawyers had to pull out their dictionaries while
reading Griswold for the first time.14 A penumbra is a term
that describes the partial shadow in an eclipse or the edge
of a sunspot,15 whereas an emanation is a term for gas
created from radioactive decay.16 Essentially, Griswold
established the right to privacy for a married couple. In
1972, the Supreme Court considered contraceptives and
unmarried couples in Eisenstadt v. Baird.17 Although
Justice Brennan, in writing the opinion for the court, did
not have to use the marital privacy right discussed in
Griswold to decide the case, he nevertheless argued for
expanding the right to privacy in dicta:

If under Griswold the distribution of contraceptives to married

persons cannot be prohibited, a ban on distribution to unmarried

persons would be equally impermissible. It is true that in Griswold

the right of privacy in question inherent in the marital relationship.

Yet the married couple is not an independent entity with a mind

and heart of its own, but an association of two individuals each

with a separate intellectual and emotional makeup . . . [i]f the right

of privacy means anything, it is the right of the individual, married

or single, to be free from unwanted governmental intrusion in

to matters so fundamentally affecting a person as the decision

whether to bear or beget a child.18

Justice Brennan was expanding the right of privacy to apply
to begetting and bearing children likely in anticipation of
Roe v. Wade,19 which, at the time of Eisenstadt, had been
argued in front of the Court twice but had not yet been
decided.20 Without going into the controversies involved
with the decision in Roe, the right to privacy was further
delineated by Justice Blackmun in this case:

The Constitution does not explicitly mention any right of privacy.

[But], the Court has recognized that a right of personal privacy, or

a guarantee of certain areas or zones of privacy, does exist under

the Constitution. In varying contexts, the Court or individual

Justices have, indeed, found at least the roots of that right in the

First Amendment; . . . in the Fourth and Fifth Amendments; in

the penumbras of the Bill of Rights, in the Ninth Amendment; or in

the concept of liberty guaranteed by the first section of the

Fourteenth Amendment. These decisions make it clear that only

personal rights that can be deemed “fundamental” or “implicit in

the concept of ordered liberty” are included in this guarantee of

personal privacy.21

Informed consent

As the right to privacy emerged from the basic concept of
autonomy in American jurisprudence, so did the doc-
trines of informed consent and refusal emerge out of
American medical malpractice jurisprudence. In the late
nineteenth century and early twentieth century, courts
were using the general rule that the physician could not
treat a patient without his consent.22 In the late 1950s,
however, several courts began to articulate clearly the
physician’s duty to communicate properly to the patient
necessary information with which the patient could make
an informed decision about undergoing a proposed
course of treatment. In Salgo v. Leland Stanford Jr.
University Board of Trustees, a California appellate court
held that the physician had an affirmative duty to make a
“full disclosure of facts necessary to an informed
consent.”23 The following year, in Bang v. Charles T. Miller
Hospital, the Minnesota Supreme Court held a physician
liable for failing to disclose information about alternative
treatments to the patient undergoing surgery on his
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prostate wherein the patient’s spermatic cords were
severed in the course of the operation.24

Generally considered to be the beginning of the contem-
porary period of the informed consent doctrine, two state
supreme courts articulated the parameters of what would
be considered the informed consent doctrine. In Natason
v. Kline, after the plaintiff had sustained injuries she did not
expect from radiation treatment after mastectomy, the
plaintiff claimed the physician “failed to warn [the patient]
the course of treatment which he undertook to administer
involved great risk of bodily injury or death.”25 Citing Salgo,
the court held that the doctor was “obligated to make a rea-
sonable disclosure to the [patient] of the nature and prob-
able consequences of the suggested or recommended
cobalt irradiation treatment, and he was also obligated to
make a reasonable disclosure of the dangers within his
knowledge which were incident to, or possible in, the treat-
ment he proposed to administer . . . in language as simple
as necessary . . . [the nature of the ailment, the probability
of success, and the alternative methods of treatment].”26

Several days later in Missouri, the Missouri Supreme
Court decided Mitchell v. Robinson.27 The action was
against a physician for negligence arising from the perfor-
mance of insulin shock and electroshock treatment for the
patient’s schizophrenia. Along with the negligence action,
the patient alleged that he had never been informed of the
inherent risk that the convulsions experienced during the
treatment could fracture bones. The court held that “con-
sidering the nature of Mitchell’s illness and this rather new
and radical procedure with its rather high incidence of
serious and permanent injuries not connected with the
illness, the doctors owed their patient in possession of his
faculties the duty to inform him generally of the possible
serious collateral hazards.”28

Different jurisdictions will have different standards with
regard to what is considered to be reasonable and what a
physician is obligated to tell the patient in the process of
informed consent. Some courts have held that a physician
is obligated to tell a patient the information regarding a
course of treatment that a reasonable physician would
provide in similar circumstances.29 This is known as the
professional standard of informed consent. This standard
has been criticized because it requires the plaintiff to
establish that there exists a community standard of
informed consent by bringing forth expert witnesses to
testify to standard. Other jurisdictions use a layperson’s
standard of informed consent wherein a physician is oblig-
ated to provide information considering a course of pro-
posed treatment that a reasonable layperson would wish to
have revealed.30 Criticisms of this approach include that
the decision to disclose is a medical professional’s decision

and only the medical professional can judge the patient’s
health and the psychological impact of a disclosure; and
that the lay standard for disclosure would waste a doctor’s
time in disclosing all the risks and limit the doctor’s flexi-
bility in caring for the patient’s needs.31

Traditionally, an action based upon a lack of informed
consent would sound in the intentional tort of battery –
unless an effective consent is given to the medical practi-
tioner, an unconsented touching or battery has occurred.
As the concept evolved under malpractice law, however,
courts determined that a physician owes a duty to a patient
to disclose fully all information that is pertinent to the pro-
posed treatment and obtain an informed consent. Failure
to perform such duty is considered a breach of a physician’s
duty to the patient and the action sounds in negligence or
the tort of medical malpractice. The generally acceptable
elements of informed consent would include a physician’s
duty to inform the patient of his medical condition, the
nature of the proposed treatment for that condition, the
benefits reasonably expected from the proposed treatment
together with the material risks and dangers of that treat-
ment, as well as treatment alternatives and their risks and
benefits.32

The most commonly invoked exception to informed
consent is the emergency exception. Usually fact-specific,
the emergency exception to informed consent may be
invoked by the healthcare provider where a delay in
treatment in order to inform the patient would be life-
threatening. The scenario wherein this condition would
be most apparent would be in situations where the patient
needs an immediate medical intervention, such as car-
dioversion. Legal authorities will sometimes define this
exception as more of a privilege.33 Requirements of this
privilege include “(a) the patient must be unconscious or
without capacity to make a decision, while no one legally
authorized to act as an agent for the patient is available,
(b) time must be of the essence, in the sense that it must
reasonably appear that delay until such time as an effec-
tive consent could be obtained would subject the patient
to a risk of serious bodily injury or death which prompt
action would avoid; and (c) under the circumstances, a
reasonable person would consent, and the probabilities
are that the patient would consent.”34 However, the emer-
gency exception cannot be invoked when it is known by
the healthcare providers that the contemplated interven-
tion, regardless of the consequences, had been previously
refused by the competent patient who had been properly
informed of the needs of such intervention.

Two other exceptions to informed consent are the thera-
peutic privilege exception and the patient waiver excep-
tion. The therapeutic privilege waiver is rarely invoked but
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it allows physicians to withhold information from a patient
when a disclosure of that information would cause the
patient emotional or physical harm in the determination
of the physician. Canterbury upheld a therapeutic excep-
tion that allowed physicians to withhold disclosure of
certain information to a patient when such information
posed a threat to the patient’s well-being or in the case of
an emergency.35 The therapeutic privilege exception actu-
ally undermines the patient-based standard of informed
consent by “allowing physicians to employ their profes-
sional discretion to withhold information from their
patients.”36

The patient waiver exception to informed consent
allows patients to forgo their right to being fully informed
about their medical condition and the proposed treat-
ment.37 Although rarely invoked by patients, a waiver of
informed consent would be appealing to those individu-
als who prefer to trust the provider’s professional judg-
ment or who, because of cultural preferences, would
prefer to rest medical decision-making with significant
others in their family. Healthcare practitioners would be
well-advised to obtain such waivers in writing from
patients who are competent to provide consent to treat-
ment in the first place.

Negligence

Negligence emerged in the 19th century in the appearance
of liability on behalf of certain persons who professed to
be competent in certain “public callings.”38 “A carrier, an
innkeeper, a blacksmith, or a surgeon, was regarded as
holding oneself out to the public as one in whom confi-
dence might be reposed, and hence as assuming an obliga-
tion to give proper service, for the breach of which, by any
negligent conduct, he might be liable.”39 Intentional torts
became more and more grouped together towards criminal
liabilities, and negligence became the more dominant
cause of actions for accidental and/or unintentional
injuries. Negligence is but one kind of conduct. But a cause
of action sounding in negligence requires four distinct ele-
ments. First, there must be a duty on the part of a defen-
dant, recognized under the law, to provide a certain
standard of conduct, for the protection of others against
unreasonable risks. For healthcare practitioners, this duty
is usually established by the patient–practitioner relation-
ship. Second, the person owing the duty to the other must
have failed to perform his duty in a legally recognizable way.
Such failure is otherwise known as a breach of duty. Third,
there must exist a reasonably close relationship between
the breach of the duty owed and the injury sustained by the

other party – known as proximate cause. Finally, there must
be a legally measurable injury to the person alleging the
breach of duty.

The healthcare provider’s duty arises from the
patient/provider relationship. The provider begins the
duty to the patient usually by initially rendering treat-
ment to that patient. Although this relationship usually
ensues with a “person-to-person” contact, some courts
have held that if a physician is “on-call” to an emergency
department, and contact is made with that on-call physi-
cian for the benefit of a patient being attended to in the
emergency department, a physician/patient relationship
is established even if the on-call physician has refused
to see the patient or is not available to attend to the
patient.40

Once a duty owed is established by the patient/provider
relationship, there must be proof that there was a breach
of duty of the provider to the patient for a negligence
action to occur. Generally, a breach of duty is character-
ized as conduct that falls below the standard established
by law for the protection of others against unreasonable
risk of harm.41 In the case of physicians, the duty of care is
the degree of reasonable care and skill expected of
members of the medical profession under the same or
similar circumstances.42 The standard of care for the pur-
poses of a negligence action must be established by the
testimony of expert witnesses, i.e., other physicians. States
have different requirements for the qualifications of
expert witnesses, but it is beyond the scope of this writing
to go into the nuances of expert witness qualifications in
medical malpractice actions.

It is a necessary element of a negligence action to show
that the negligence of the physician is the immediate, prox-
imate cause of the patient’s injuries. It must be shown that
the alleged negligence was a cause, “which in a natural and
continuing sequence produced the event or injury, and
without which the event or injury would not have
occurred”.43 This is sometimes referred to as the “but for”
test – that is, but for the negligence of the defendant, the
plaintiff’s injuries would not have occurred. The plaintiff
must also prove under this element of negligence that the
event or injury was foreseeable. “Forseeability exists when
a physician of ordinary skill, knowledge, care, and pru-
dence, in the exercise of ordinary care, would have been
able to reasonably anticipate . . . that the event . . . would
have occurred as a natural and probably consequence of
his conduct.”44

Finally, the plaintiff must prove damages – that injuries
actually were suffered by the patient as a result of the
negligence of the defendant. Additionally, the patient
may have incurred recurring medical costs, loss of
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income, pain and suffering damages, loss of consortium
damages, and so on, which if quantifiable, could be part
of the injuries resulting from the breach of duty of the
defendant.

Part 4: Patient care decision-making at
the end of life

The body of law that deals with end-of-life decision-
making is hardly settled law. Because the welfare of citizens
is largely the concern of individual states, judicial deci-
sions regarding end-of-life issues in healthcare vary among
the states.1 The courts of one state have no legal duty to
honor the decisions of any other state although jurists may
look to other jurisdictions for non-binding guidance on
issues that arise before any court. Over time, parallel,
though not identical, trends may be perceived between the
courts of different states. However, medical advancements
in the last quarter of a century created issues in patient care
decision-making that courts had not faced prior to the
1960s. Hence, there has been much less time for develop-
ment of the body of law dealing with end-of-life decision-
making than for many other areas within the law.
Therefore, it is difficult to make broad generalizations for
every issue that one may encounter in patient care deci-
sion-making. The following discussion attempts to identify
some clear trends in this area of the law as a guide to under-
standing and contending with end-of-life decision-
making. It is essential to advise the readers always to
consult experienced attorneys within their own jurisdic-
tions when faced with critical issues regarding end-of-life
decision-making.

The competent adult

Legal scholars tend to agree that there are some general
principles that generally apply across all jurisdictions.2

Probably the most well-established general principle that
virtually every jurisdiction will follow is that a competent
adult patient will always be given the autonomy to control
the medical care he or she accepts or refuses. To state this
as a principle . . . “[a]n adult patient with decision-making
capacity may refuse any treatment unless the refusal will
endanger the public health (or in a small minority of juris-
dictions and under very narrow circumstances, a depen-
dent or unborn child). The family has no standing to be
involved in the decision-making but may be if the patient
wishes”.3

Competent adults have a broad legal prerogative to
decide how to respond to medical conditions that threaten
their well-being and even their lives. A competent adult has
a privacy right to be free from unwanted interventions even
if such interventions are meant to maintain that person’s
life. Such a scenario occurred in Farrell.4 Kathleen Farrell
was suffering from amyotrophic lateral sclerosis and was
dependent upon a ventilator to keep her breathing. Even
though her physician informed her that removing her from
the ventilator would cause her death, Ms. Farrell insisted
upon having her ventilator turned off. Her husband filed a
complaint with the court seeking his appointment as
Special Medical Guardian for his wife with specific author-
ity to disconnect her respirator. Although Ms. Farrell had
died while still connected to her ventilator by the time the
New Jersey Supreme Court heard the case, the court
decided nevertheless to hear the case because of the impor-
tance of the issues involved.5 Citing Quinlan, the New Jersey
Supreme Court asserted that Ms. Farrell, as a competent
adult, could assert her right to privacy to refuse mechanical
ventilation because her right to privacy was protected in the
common law, the state, and federal constitutions.6

Another case illustrative of the principle that compe-
tent adults have the right to accept or refuse medical care
under common law and constitutional law is useful to
review because of the personal and social issues that
arose that are not actually reflected in the decision of the
court. Elizabeth Bouvia was a 28-year-old quadriplegic
woman afflicted with cerebral palsy since birth, who was
confined to bed in a public hospital who petitioned the
court for a writ of mandate to compel the hospital to stop
feeding her through a nasogastric tube.7 She had previ-
ously stated that she wished to starve herself to save her
from a life she now considered futile and meaningless.8

Despite her disabilities, Ms. Bouvia had acquired a college
degree and had been married,9 but her fragile life had
become unraveled. Her husband left her and she suffered
a miscarriage. Her parents, no longer wishing to provide
the care that she needed, turned her out of their home. A
search for a place for her to live was unsuccessful, neces-
sitating her living in a public hospital for her care.10 The
court, in granting Ms. Bouvia’s request to remove her
feeding tube asserted that her motive for the removal was
irrelevant because no one’s approval was needed for her
to exercise her right to refuse medical care.11 This right to
refuse medical care was “basic and fundamental” as “part
of the right of privacy protected by both the state and
federal constitutions.”12 However, 2 years after her suc-
cessful court battle, she was interviewed by the L.A.
Times, stating that . . . “people should have the right . . .
to decide if they want to suffer or not.”13 Professor M. R.
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Flick points out in describing Ms. Bovia’s plight that
perhaps she really had not wanted to die, but had wanted
to be wanted.14 This very poignant observation contains a
warning to all clinicians to remember to examine a com-
petent patient’s true motives for the refusal of medical
care before that patient’s options are terminated by death.

There exist some cases where a competent adult was
denied the ability to refuse medical care when the well-
being of the adult’s children was threatened. For example,
in Dubreuil, a Florida court authorized the administration
of life-saving blood transfusion required because of
uncontrolled bleeding after delivery of her child, despite
her objections to receiving the transfusion on religious
grounds.15 The appellate court invoked the state’s parens
patriae interests in the welfare of Ms. Dubreuil’s children
necessitating the transfusions against her will, because
the court found that the patient was the mother of four
minor children and there was no evidence that anyone
other than Ms. Dubreuil would be available to care for
them in the event of her death from exsanguination.16

It is generally true that, except where a state finds that
the interests and well-being of minors may be affected by a
competent adult’s decision for forgo life-saving medical
care, a competent adult will always have the right to make
decisions regarding the medical care he or she will accept
or refuse.

Surrogate decision-making in end-of-life
decision-making

Generally, incompetent adults and minors require some
sort of surrogate medical decision-making. When it comes
to minors, the surrogate decision-makers are typically that
minor’s parents. Previously competent adults may have a
surrogate appointed to make decisions for them either
by statutory direction or through an advance directive.
Unfortunately, many previously competent adults have no
advance directives that provide assistance to providers
when such patients need a surrogate. Despite public aware-
ness of living wills, it has been estimated that only 10% to
20% of the adult population in the United States has com-
pleted a formal advance directive.17 Never-competent
adults typically will have a public guardian appointed by a
court who would be responsible for making medical care
decisions for them. Typically, such a guardian would be a
close relative, but wards of a state would likely have a public
guardian appointed. It is very important for clinicians to
keep in mind that there exist limitations to surrogate deci-
sion-making, and that such limitations may vary depending
on the jurisdiction. Hence, despite generalizations that may

be made below, surrogate decision-making, particularly for
end-of-life decisions, will be unique to varying degree in
every jurisdiction, so it is prudent for clinicians to be famil-
iar with the laws governing the jurisdiction within which
they practice.

Minors

A fairly clear trend in the law is that a . . . “parent, or if there
is no parent, the legal guardian, may refuse treatment for a
minor who is terminally ill or irreversibly unconscious, so
long as the minor agrees.”18 There are some limitations con-
cerning such decisions with regard to infants in some states
under federal and state child abuse laws.19 No parent has
the right to refuse beneficial medical treatment provided
that the treatment is a generally accepted practice in the
medical community and that beneficial outcome is
expected. “Parents may be free to become martyrs them-
selves. But it does not follow [that] they are free, in identical
circumstances, to make martyrs of their children before
they have reached the age of full and legal discretion when
they can make that choice for themselves.”20

On the other hand, when treatment is “futile” based
upon the generally accepted standard of care, and the
healthcare providers and parents (or guardian) agree, it is
legally acceptable to have life-sustaining treatment with-
held or withdrawn.21 “Futile” life-sustaining care may
also be withdrawn upon the agreement of parents and
providers if the minor is in a persistent vegetative state.22 If
a minor’s parents and healthcare providers disagree upon
a course of treatment that is subject to differences of
opinion within the medical community, it would be advis-
able for the providers to seek the advice of experienced
attorneys in their jurisdiction before contemplating going
to court in such situations. As is usually true, provider com-
munication with the parents often surmounts issues that
lead to a decisional impasse. Nevertheless, controversial
treatments or treatments with which reasonable clinicians
may differ could lead to provider liability.

Importantly Congress enacted the Federal Child Abuse
Prevention and Treatment Act in 1984 which provided
general standards for the care of infants with defective
medical conditions when the infant’s life is immediately in
danger.23 The Act generally prohibits withholding or with-
drawing treatment for infants when such treatment can be
reasonably estimated to correct or stabilize a condition
that could be life-threatening. Clinicians caring for infants
should also be familiar with their state’s child abuse
statutes as they may apply to newborns and infants with
defective medical conditions.
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Adults

Surrogate decision-making law for adults is the most vari-
able and lies at the cutting edge of bioethics and the law in
some scenarios. It is beyond the scope of this writing to
entertain the wide range of opinions in the bioethics and
legal literature on this topic. It is hoped that some useful
guidelines may be provided within this area of patient care
decision-making, but disagreements between parties
involved in the care of incompetent patients will still likely
end up in court.

Formerly competent adults

Most laws governing surrogate decision-making will
respect a formerly competent patient’s autonomy interests
by requiring a surrogate to follow the course of treatment
the patient would presumably want.24 Such issues are most
clear when the formerly competent patient left explicit
instructions in an advance directive. When explicit instruc-
tions have been left, the surrogate must follow those
instructions if they apply to the medical scenario that the
incompetent patient is facing, leaving little independent
judgment to the surrogate. There is little controversy when
the surrogate must decide in favor of recommended
medical treatment. Indeed, one may say that the surrogate
is merely acceding to the supposed wishes of the patient
rather than making a decision on behalf of the patient.
Additionally, when an advance directive is clear that a
patient would refuse certain treatment if certain condi-
tions are present, there is little argument that such treat-
ment can be refused by the surrogate on behalf of the
patient without going to court. Unfortunately, because of
the uncertainties of medicine and many ambiguities in
advance directives as they exist today, advance directives
may sometimes be too vague to assist surrogate decision-
making effectively.25

If a formerly competent patient made an informed deci-
sion to reject certain medical care before becoming incom-
petent, such decisions will generally be given continuing
effect as long as the circumstances have not materially
changed.26 For example, in Yetter, the now incompetent
Ms. Yetter had refused a breast biopsy for a breast mass
when she had been hospitalized for schizophrenia.27 The
patient’s caseworker testified that at the time of her hospi-
talization, Ms. Yetter was “lucid, rational, and appeared to
understand that the possible consequences of her refusal
included death”.28 Later, Ms. Yetter’s mental illness became
more profound to the point where she was no longer
capable of discussing the matter of the breast biopsy.

Although deemed incompetent at the court hearing, the
court gave continuing effect to Ms. Yetter’s refusal for
the breast biopsy. Citing Roe v. Wade, the court stated that
“the constitutions right of privacy includes the right of a
mature competent adult to refuse to accept medical rec-
ommendations that may prolong one’s life . . . [and] that
the right of privacy includes a right to die with which the
State should not interfere where there are no minor or
unborn children and no clear and present danger to the
public health, welfare, or morals.”29

Although Yetter represents only one jurisdiction, it is
likely that, if a formerly competent patient made an
informed decision to refuse certain medical treatment
when that patient was competent, that patient’s autonomy
interests would be served by giving continuing effect to
that decision. As long as the circumstances have not mate-
rially changed, it seems likely that such prior decisions
would be respected by the courts.30 Many of the problems
with surrogate decision-making for formerly competent
patients arise when there exists little or no information
available with which a surrogate can make decisions.

When a formerly competent patient expressed no strong
preference or written advance directive regarding the
refusal of certain treatment prior to that patient’s incom-
petence, a surrogate decision-maker’s choices will be more
restricted. It seems possible that, in light of the US
Supreme Court’s decision in Cruzan, state courts that have
no clear precedent for surrogate decision-making may
impose firm restrictions upon surrogate abilities to with-
draw treatment in the absence of an incompetent’s clearly
articulated preferences.31 In Cruzan, the Supreme Court
held that the US Constitution does not forbid a state to
require clear and convincing evidence of an incompetent’s
wishes to withdraw life-sustaining treatment.32 The “clear
and convincing” evidentiary standard represents the
strictest civil court evidentiary standard. The only standard
more strict is the familiar, “beyond a shadow of a doubt”
evidentiary standard that is used in criminal law. The “clear
and convincing” evidentiary standard is not a requirement
of the US Constitution. Cruzan merely asserts that a state
may set its own standards.

Courts are more likely to allow the discontinuation of
life-sustaining treatment when it is clear that the patient
in question is in a persistent vegetative state or is termi-
nally ill.33 Yet, when there is absence of a terminal condi-
tion, surrogates may have to surmount evidentiary
standards of the courts within their jurisdictions. For
example, in Ragona v. Preate, the court heard a petition
from the guardian and husband of a woman who was in a
persistent vegetative state, but was not terminal.34 The
petition requested permission to remove Ms. Ragona’s
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feeding tube. Although the final result of the decision was
to allow the removal of the feeding tube the court began its
opinion by pointing out that Ms. Ragona’s . . . “right to self-
determination is [its] guiding principle; the court does not
decide whether to withdraw the life-supporting treat-
ment, rather [the court’s] role is to determine and effectu-
ate Ruth Ragona’s express intent.”35 Citing Cruzan, the
court stated that Ms. Ragona’s intent would have to be
proven by clear and convincing evidence and pointed out
that . . . “the court must not manage morality or temper
theology. Its charge is to examine what law there is and
apply it to the facts proven in this cause.”36 The court heard
testimony from the treating physician and an indepen-
dent medical expert to establish that Ms. Ragona was truly
in a persistent vegetative state. Subsequently, extensive
testimonial evidence was gathered from her husband and
her son regarding her previously expressed opinions con-
cerning her wishes. Ms. Ragona had expressed her wishes
clearly that she would not wish to live in a vegetative
state.37 The court found the evidence to be “highly persua-
sive” evidence of Ms. Ragona’s intent and granted the
husband’s petition to remove the feeding tube.38 One can
speculate that if there had been less evidence to support
Ms. Ragona’s opinions regarding the issues faced by the
court that the court would have been disinclined to have
her feeding tube removed.

Given the evidentiary requirements that courts may
apply, courts will certainly be less inclined to allow a sur-
rogate to refuse medical care when the incompetent
patient is not terminal or is in something less than a clearly
persistent vegetative state. For example, a New Jersey
court ordered that an enterostomy tube be inserted to
support the life of a patient who was severely debilitated
from a stroke, but who was neither terminally ill nor in a
persistent vegetative state.39 In Clark, the patient at issue
had not executed a living will or healthcare power of attor-
ney document,40 nor had he ever expressed any desires
regarding medical treatment to any known person.
Judging that the court had no basis upon which to base a
“substituted” judgment on his behalf, the court used an
“objective” test to make “[a] determination of whether
certain treatment should be provided or withheld . . .
strictly on a weighing of the burdens of life with the treat-
ment versus the benefits of that life to the patient.”41 The
court held that the burdens of the surgery to insert the
enterostomy tube did not outweigh the benefits that the
patient derived from life.

In Wendland v. Superior Court, an appellate court
required the appointment of an independent counsel
when the patient’s wife sought appointment as his perma-
nent conservator and to have his feeding tube removed.42

Mr. Wendland was a 43-year-old man who had been
severely impaired as a result of a motor vehicle accident
approximately 2 1⁄2-years earlier. After being comatose for
more than a year, he “awoke” and was found to be sub-
stantially brain-injured. He was paralyzed on his right side
and was able to follow simple commands.43 His wife,
asserting that Mr. Wendland had made statements that he
would not want to live in a state of total dependence, was
making arrangements to transfer Mr. Wendland to a con-
valescent hospital where his feeding tube would be
removed and he would be allowed to die.44 This decision
had been supported by Mr. Wendland’s physicians and the
hospital’s ethics committee. Mr. Wendland’s mother and
sister did not agree with this decision, however, and
sought the appointment of an independent counsel for
Mr. Wendland in the conservatorship proceedings. The
appellate court held that Mr. Wendland was entitled to an
independent counsel to represent his interests because
“his very life was at stake.”45 Citing Cruzan, a concurring
opinion went on to say that . . . “this much is clear: a
person has a constitutional right to refuse unwanted
medical procedures, including artificial hydration and
nutrition.”46 “There is little doubt that if [Mr. Wendland]
were competent, he could refuse further medical treat-
ment. However, in light of his incompetence . . . [Mr.
Wendland’s] freedom of choice ‘is a legal fiction at best’ . . .
the court must select a conservator who has a broad
authority to make decisions regarding treatment, guided
by the patient’s best interests.”47

The evaluation of cases dealing with surrogate decision-
making provides some guidance to clinicians, though such
guidance is less than ideal. In her treatise on healthcare
decision-making the author Claire C. Obade summarized
the trends for surrogate decision-making at the present
time:

A surrogate may authorize, and perhaps compel, the discontinu-

ation of medical treatment for an adult person without decision-

making capacity if the patient is terminally ill, or if the proposed

treatment will not be of benefit to the patient. However, the surro-

gate cannot make a decision contrary to the known preferences

of the patient, nor can a surrogate refuse medical care which is

reasonably likely to be even of limited benefit. The closest relative

is presumably the proper surrogate unless there is a court-

appointed guardian or the patient has previously designated

another decision-maker. State law should be consulted for prior-

ity if there is a disagreement among the guardian, designated sur-

rogate and/or close family members”.48

Although the evidentiary standards differ amongst the
states, the vast majority of jurisdictions in the United
States have attempted to ascertain the wishes of the for-
merly competent patient when evaluating surrogates’

1238 R. Pawl



requests for or against treatment. The clear and convinc-
ing evidentiary standards are applied most vigorously in
states such as Missouri and New York.49 Michigan and
Wisconsin apply similar standards for dying patients who
still have the capacity to relate to their environment.50

Fortunately, most states have less rigorous standards
for evidentiary proof of a patient’s prior intentions.51

Additionally, courts have the discretion to determine the
value of the weight of the evidence they evaluate.
Regardless of the evidentiary standards used, the courts
will typically attempt to apply a substituted judgment on
behalf of the previously competent patient. Some courts
may use a best interests test when previously competent
patients have never been found to have expressed their
wishes regarding end-of-life issues. The best interests test
objective is to treat people the way most people would
want to be treated, in other words, evaluating a patient’s
interests based upon what are believed to be societal
standards.

Never-competent adults

Adults who were never competent are considered by the
state to be vulnerable constituents whose rights should be
carefully guarded. In most scenarios, such incompetent
adults should be considered to have the legal status
similar to minors. Particularly when such incompetents
are wards of the state, regulatory issues must be taken into
consideration. The state’s mental health statutes may also
have a bearing upon the treatment of such individuals.
Erring on the side of favoring beneficial treatment is
always the preferable rule-of-thumb when providing
medical care to these patients. Inevitably, there will arise
decision points where it will be necessary to consider the
decision to withdraw or withhold treatment for such
patients who are in a terminally ill situation or a persistent
vegetative state. The prudent clinician should consult with
legal counsel familiar with the laws of their jurisdiction
whenever considering the withholding or withdrawing of
life-saving treatment.

In states where their life-sustaining treatment can only
be withdrawn or withheld based upon clear and convinc-
ing evidence of the patient’s preferences, it is unlikely that
a court in such a state would allow the removal or with-
holding of life-sustaining treatment to a never competent
adult. The states that use a “substituted judgment”
standard for evaluating the removal of life-sustaining
treatment for an incompetent patient may find that the
application of this standard to a never-incompetent
patient may be stretched and unwieldy.52 The states that

use a “best interests” test in evaluating an incompetent’s
rights to refuse or withhold medical treatment would prob-
ably be in the best position to contend with these issues in
their application to a never-competent patient.53

Two authors have proposed a statutory theme that,
if enacted, could provide an extra-judicial pathway to
forgoing life-sustaining treatments for never-competent
patients that would protect the interests of public wards.54

Although specifically limiting the proposal to develop-
mentally disabled persons who have been adjudicated as
incompetent to make their own health care decisions, the
authors Deborah K. McKnight and Maureen Bellis provide
a solid starting place for dealing with the never-competent
patient for end-of-life decision-making. The proposal des-
ignates a group of decision-makers for the developmen-
tally disabled public ward who together as a unanimous
group could decide to withhold or withdraw life-sustain-
ing treatment without seeking judicial review.55 The group
would comprise an “involved guardian,” the patient’s
attending physician, and either two physicians with rele-
vant experience or the endorsement of a prognosis com-
mittee.56 Patient surrogates acting in good faith and
physicians exercising reasonable medical judgment
would be immune from civil or criminal liability under
this proposal.57 The proposal outlines four situations in
which the decision-makers may choose to forgo life-sus-
taining treatment: (1) the patient has been in a persistent
vegetative state for 12 months, (2) the patient has a termi-
nal illness with uncontrolable pain, (3) the patient is in an
advanced stage of a terminal illness with severe and per-
manent deterioration, and (4) if the patient did not fall
under any of the other three conditions a decision for
treatment withdrawal only could be made after a consci-
entious effort that the burdens of continuing treatment
outweigh the benefits.58 The decision-makers would then
have to agree that a decision to withhold or withdraw life-
sustaining treatment would be in the patient’s best inter-
est with any disputes between the decision-makers
requiring court intervention.59 Finally, palliative care
would always have to be provided.60

Without some statutory framework for the purpose of
making end-of-life decision-making for never-competent
patients, it seems unlikely that such decisions can be made
without some court supervision. There have been court
decisions that have contended with such issues for
patients who have never been competent, but they are
few.61 In light of the struggles that courts have had in
dealing with formerly-competent patients, it is similarly
unlikely that the courts will be the best venues to solve
the problems involved inherent to end-of-life decision-
making for never-competent patients.
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Medical futility and the courts

The bioethical community and legal scholars have written
extensively regarding various definitions of medical futil-
ity and their applications to end-of-life decision-making.
However, it is not the purpose of this essay to provide an
overview of such discussions, but rather to discuss the law
that has addressed such issues. Some courts, in cases such
as Wanglie and In re Baby K, that have had the opportunity
to address futility issues, have rendered opinions that were
clearly frustrating to health care providers as well as
bioethicists and some legal scholars.62 To be sure, few
courts have actually had to contend with futility issues.
Given the moral and ethical controversies involved
with the concept of medical futility in the bioethical and
legal literature, it seems clear that the courts will struggle
with cases that come before them that force them to
contend with the issue. Wanglie was one of the few cases
in which there was an opportunity to address futile
care had the judge decided to appoint a neutral guardian
for Mrs. Wanglie who was in a persistent vegetative
state. Instead, Ms. Wanglie’s husband was appointed the
guardian and, as guardian, Mr. Wanglie insisted upon the
continued life-support of his wife against the opinion of
the hospital and healthcare providers that the continued
life-support for her was futile.63 The Fourth Circuit of
Appeals ducked the issue of futility completely when it
held that a Virginia hospital was required under EMTALA
to provide repeated emergency life-saving respiratory
support to an anencephalic infant who had to be repeat-
edly transferred from a nursing facility to the hospital for
recurrent respiratory failure.64 However, there are a few
other cases that have dealt with decisions surrounding the
withdrawal or withholding of futile care.

In Causey v. St. Francis Medical Center, a physician with-
drew life-sustaining care to a 31-year-old quadriplegic
woman with end-stage renal failure and stage IV coma over
the strong objections of the family.65 The physician had
considered the continued life-supporting treatment
morally and ethically inappropriate and was supported by
the decision of the hospital’s Morals and Ethics Board.66

The patient’s husband and son filed an action against the
hospital and the physician as an intentional battery claim.
Nonetheless, the trial court dismissed the claim as prema-
ture because the doctor and hospital “acted in accordance
with professional opinions and professional judgment”
and under Louisiana’s malpractice act therefore this was
required to be submitted to a medical review panel prior to
being reviewed by the court.67 The plaintiffs appealed and
the Court of Appeal of Louisiana, Second Circuit, heard the
appeal. The appellate court first stated that the Louisiana

state legislature had enacted a statute respecting individ-
ual autonomy and the right to self-determination by giving
a competent, terminally-ill person the right to refuse
medical treatment.68 The court went on to say that . . . “the
right or autonomy to refuse treatment is simply a severing
of the relationship with the physician . . . [i]n this case,
however, the patient (through her surrogate) is not sever-
ing a relationship, but demanding treatment the physician
believes is inappropriate.”69 Holding that the issue was
whether the actions of the physician and the hospital met
the standard of care of the medical profession, the court
held that the issue fell under the Medical Malpractice Act
and must first be submitted to a medical review panel.70

Although the appellate court did not directly confront the
issues of futility, it held that such determinations were in
the purview of the standard of care.

A Georgia appellate court found that there were factual
issues in dispute that would be required to be submitted to
a jury in a case where a physician terminated the life-
support treatment of a 9-day-old, critically ill infant.71 The
parents had brought a malpractice suit and an intentional
tort suit against a physician for terminating the life-support
of their daughter. The infant was born at 24 weeks’ gestation
on the side of the road on the way to the hospital.72 The
infant had been successfully resuscitated in the emergency
room of the hospital, but required life-saving care including
blood pressure and respiratory support.73 The attending
physician alleged that he had orally obtained the consent of
the parents to stop treatment, which the parents disputed.
The malpractice claim was dismissed on procedural
grounds, but inconsistencies in the facts were such that the
appellate court recognized that the parents could have a
valid claim for the wrongful death of the infant based upon
the reckless disregard of the consequences of the physi-
cian’s actions or the heedless indifference to the rights and
the safety of others.74 Coupled with a reasonable foresight
that injury would occur, the court suggested that if such
allegations were proved, such actions would amount to . . .
“criminal negligence equivalent to an intentional tort” and
sent the case back down to the trial level.75

In sum, a healthcare provider treads on thin ice when
walking on the surface of the medical futility issues in con-
travention of a surrogate’s wishes. The results of such
conflicts, when they reach the courts, are unpredictable
and very fact-specific, dependent upon the jurisdiction.
Fortunately, most healthcare providers and surrogates
agree with the decisions regarding medically futile care.
Unfortunately, when disputes are not resolvable through
careful communication, consultations with ethics com-
mittees, and alternative dispute resolution techniques,
submitting the issues to a court will be fraught with uncer-
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tainties. There is no clear line of decision-making upon
which a provider can rely when acting on an opinion that
certain medical care is futile without the consent of a sur-
rogate. It seems that when a provider has made an effort to
act carefully within a reasonable standard of care, and with
the independent opinions of other physicians or an ethics
committee endorsement, courts will give greater deference
to a decision to withhold or withdraw care that is consid-
ered futile. That being said, the reader must understand
that the preceding statement is merely an observational
opinion. Providers should consult with attorneys within
their jurisdiction for pertinent legal advice.
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Since the 1950s and 1960s improvements in resuscitation
techniques have led to improved survival for patients fol-
lowing cardiac arrest. Although many studies have focused
on prevention and acute medical treatment of cardiac
arrest, relatively few have studied cognitive functioning
during and after this event. Nevertheless, this is one of the
most intriguing aspects of cardiopulmonary resuscitation.
Much of the work in this area has evolved from the finding
that a proportion of cardiac arrest survivors report thought
processes, reasoning, and memory formation that are con-
sistent with previously described near-death experiences.
These experiences are reported to have occurred at a time
during cardiac arrest when consciousness appears to be
absent. The first part of this chapter thus focuses on the
history and phenomenology of near-death experiences,
their relationship to cardiac arrest and current explana-
tions for the experiences. We then review the longer-term
psychological outcomes of surviving a cardiac arrest, as
well as the impact of having a near-death experience on
long-term quality of life. Finally we review the wider poten-
tial philosophical implications of research into near-death
experiences during cardiac arrest.

History of near-death experiences

Although modern heart and lung resuscitation methods
were established in the 1950s and 1960s, there is a long
history, going back centuries, of attempts to resuscitate
people after they had become ‘lifeless’. These involved
using warm ash and hot water, whipping, blowing hot
smoke in the mouth and rectum, as well as rolling people
back and forth on a wine barrel or a horse to help the chest

expand and take air in. The outcome of these methods was
understandably poor. Nevertheless despite these primitive
methods of resuscitation and the generally poor prognosis
of anyone coming close to death there have been many
anecdotal reports of unusual experiences during a close
brush with death.

The earliest recorded reference to an experience during
the dying process is in Plato’s Republic.1 A soldier, Er,
suffers a near fatal injury on the battlefield, is revived and
describes a journey from darkness to light accompanied
by guides, a moment of judgement, feelings of peace and
joy, and visions of extraordinary beauty and happiness.
Historically, events closely resembling NDEs have been
described by Bolivian, Argentinean, and North American
Indians, as well as in Buddhist texts, Islamic texts and
accounts from China, Siberia and Finland.2 Two of the
most interesting cases are a fifteenth-century painting
as well as an eighteenth-century near drowning case.
The fifteenth-century painting “ascent to empyrean” by
Hieronymus Bosch [Fig. 69.1] depicts a tunnel leading to a
bright light and has been found very much to resemble
modern descriptions of near-death experiences. An NDE
account from Admiral Beaufort, a British admiral who nar-
rowly escaped drowning in Portsmouth harbour in 1795
describes a historical case of what would now be recog-
nized as an archetypal life review.2

. . . circumstances minutely associated with home, were the first

reflections. Then they took a wider range, our last cruise . . .

a former voyage and shipwreck, my school and boyish pursuits and

adventures. Thus travelling backwards, every past incident of my

life seemed to glance across my recollection in retrograde succes-

sion; not however in mere outline, as here stated, but the picture

filled up with every minute and collateral feature. In short, the
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whole period of my existence seemed to be placed before me in a

kind of panoramic review, and each of it seemed to be accompa-

nied by a consciousness of right or wrong, or by some reflection on

its cause or consequences; indeed many trifling events which had

been forgotten then crowded into my imagination, and with the

character of recent familiarity.

The first systematic collection of accounts from people
who had experienced a close encounter with death were
reported by a nineteenth-century Swiss geologist and
mountaineer, Albert Heim.3 Heim had survived a near-fatal

mountaineering accident himself and then went on to
collect 30 first-hand accounts from other survivors of near-
fatal mountaineering accidents, and found that they had
had similar experiences.

Modern studies of near-death experiences

Despite these limited reports, it was not really until as late
as the 1970s that this subject entered the realms of science,

Fig. 69.1. Ascent to Empyrean. Hieronymus Bosch (1450–1516).



after Raymond Moody, an American psychiatrist with a
background in philosophy, published his best selling book,
Life after Life in which he had collected the accounts given
by 150 survivors of near-death encounters.4 His series of
survivors of near-death encounters was not limited to
cardiac arrest, but included reported experiences of people
who were considered sufficiently ill to have otherwise died
without medical intervention. He found that the survivors
who had had experiences described similar phenomena
including feelings of peace, a tunnel and a bright light,
seeing deceased relatives, a life review, a perception of sep-
aration from the body (out of body experience) and enter-
ing a heavenly domain.4 The experiences were usually
described as happening when the individual was uncon-
scious and often resulted in a more spiritual and socially
orientated outlook and a reduced fear of death. Moody
termed these experiences “near-death experiences” (NDE).

Since then it has been found that near-death experi-
ences have been described in many different cultures,
including India, China, South America and the Middle
East.2,5,6 Although the central features are universally
present, the interpretation of the experience reflects per-
sonal religious or cultural views.

Following Moody’s work, Sabom,7 Noyes and Kletti,8

Ring,9 and Greyson10 described and classified the experi-
ences in more detail. A number of actual NDE cases col-
lected by the authors that illustrate some of the typical
features are described below. One of the most interesting
aspects of these cases is that during the cases many have
claimed to have been able to recall very specific details
about events that had actually taken place during their
experience. One woman explained:

. . . during my operation I was floating around the operating

theatre. I could see the surgeon and nurses working on my body,

. . . the surgeon said he would leave the wound open to let it drain

as the appendix had burst. He then visited me on the ward after-

wards to explain what he had done and I already knew as I had

heard him. He said I couldn’t possibly have heard him and sug-

gested that a nurse had been to my bedside and told me . . . I did

not tell him I had seen the operation being performed . . .’

[Personal communication to the author]

. . . I can remember so vividly being above and to the right of the

bed in the delivery room at the head end in a white-like tunnel, but

it was white, absolutely brilliant white . . . I looked down and I

could see Dr Gallagher, I could see what he was doing and I saw

him run round the bottom end of the delivery bed . . . he must have

forgotten [a bucket] was there because I saw him kick it in his haste

to get round the other side and he kicked this bucket and it

knocked into a trolley with all the instruments on, things like

bowls, etc., and that trolley whizzed across the room and hit the

wall. It didn’t tip right up but you could see things falling off it and

he then came round to me on my left-hand side and I saw him

thumping on my chest, thumping and thumping. I heard nothing,

I could see nothing, no sound whatsoever, I just saw what he was

doing . . . It was peace, it was peace, it was absolute peace . . . I just

looked down on myself . . . I could possibly say it was a tunnel

where you were looking down [from], but all this light was around

you, it was a brilliant light . . . and then there was a noise, a terrible

noise . . . I just said, “Let me go back, it was beautiful . . .” The next

day I spoke to the doctor and I was telling him what he had done

and he was furious and wanted to know which nurse had told me!’

[Personal communication to the author]

During the 1980s NDEs were also studied in children.
Dr. Melvyn Morse, an American pediatrician, and others
found that children’s NDEs share many of the same fea-
tures as those of adults – separating from the body, watch-
ing events, feeling peaceful, seeing a bright light and
beings of light, but they are often described in children’s
terminology and during the course of play, sometimes over
many months.11–14

The following is one case of NDE recalled by a small child
that was sent to the authors by his grandmother:

John’s heart had stopped . . . . . . they were pressing on his chest

and he was lifeless and blue . . .They put him in an ambulance and

took him to hospital . . .

[After he had been discharged from hospital] one day, during the

course of play, he said, “Grandma, when I died I saw a lady.” He was

not yet three years old. I asked my daughter if anyone had men-

tioned anything to John about him dying and she said, “No,

absolutely not.” But over the course of the next few months he con-

tinued to talk about his experience. It was all during the course of

play and in a child’s vocabulary.

He said, “When I was in the doctor’s car the belt came undone

and I was looking down from above.” He also said, “When you die,

it is not the end . . . a lady came to take me . . . There were also

many others, who were getting new clothes, but not me, because

. . . I was going to come back.”

John’s parents noticed that he kept on drawing the same
picture over and over again. As he got older, it got more
complex. When asked what the balloon was, he said,
“When you die you see a bright lamp and . . . are connected
by a cord” (Fig. 69.2(a), (b)).

Long-term effects of having a near-death
experience

One of the aspects of NDE that was first described by Moody,
was that NDEs have a long-term positive protective psycho-
logical effect. This has been shown in other studies also.
Fenwick and Fenwick15 in a questionnaire survey of 358
people who had had NDEs in widely differing circumstances
and who had written in after a television programme about

1246 S. Parnia et al.
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NDEs found that 82% had less fear of death, 42% reported
that they were more spiritual, 22% claimed to be a better
person and 40% said they were more socially conscious than
before. As only 10% of this sample had their NDEs after
cardiac arrest, it would appear that simply having an NDE is
the positive factor, and the positive changes are not related
to the pathology causing the NDE.15

Greyson16 suggested that near-death experiences report-
edly foster value transformations and decrease suicidal
ideation. Eighty-nine survivors of near-death experiences
judged values related to material and social success as less
important than did 175 control subjects. The reduction in
feelings of personal failures may account for the reported
suicide-inhibiting effect.16 Greyson also studied a group of
patients who attempted suicide and found that 26% of them
had NDEs.18 Extending this to other studies on suicide, he
found that people who had had an NDE during a suicide
attempt were less likely to attempt suicide again.17,18

Scientific theories for the causation of NDE

Many theories to account for the occurrence of NDE have
been proposed. These include physiological states such
as cerebral hypoxia,19,20 hypercarbia21 hormone and

neurotransmitter release such as endorphins,22,23 sero-
tonin,14 and abnormal NMDA receptor activation,24

abnormal activation of the temporal lobes leading to
seizures,25 or limbic lobe activation.26–28 Various drugs
and, in particular, drugs that are known to cause halluci-
nations, such as ketamine, which activate the NMDA
receptor have been suggested.24 An alternative view,
which is undoubtedly true in a few situations, is that the
experience is a psychological response to stress or a form
of depersonalization or dissociation in the face of actual
or perceived danger or death.8, 32

The final moments of the dying process invariably
involves a period of hypoxia. Therefore, it has been pro-
posed that hypoxia may lead to overactivity in the visual
processing areas of the brain and as there are more cells
involved with central vision than peripheral vision, this
may therefore create an illusion of seeing a light in the
centre that fades out towards the periphery, or in other
words a tunnel effect.19,20 It has also been proposed that
hypoxia may induce hyperactivity of the NMDA receptor
that may in turn lead to an NDE.24 Other theories involving
other neurotransmitters or hormones such as serotonin
and endorphins have also been proposed.25–27

More recently some have suggested that out-of-body
experiences may be related to a dysfunction at the

(a) (b)

Fig. 69.2. Two drawings depicting a NDE experienced by a small child. These are two drawings by John, a child who had a near-death

experience when he was less than three years old. His family had at first been concerned because they saw that he kept on drawing the

same theme. Here, there is a drawing from when he was younger (a) and one when he had grown a little older (b).



temporo-parietal junction.29–31 It is argued that a multi-
sensory disintegration at this area may lead to the disrup-
tion of several phenomenological and cognitive aspects
of self-processing, causing an illusory reduplication,
self-location, and perspective of the self that is experi-
enced as an out-of-body experience.30,31 This theory
has followed from a case report of a single patient who
was undergoing evaluation for epilepsy treatment in
whom an “out-of-body”-like experience was induced fol-
lowing focal electrical stimulation of the brain’s right
angular gyrus.29 Unfortunately this explanation does
not take into account the observation that people who
have had an out-of-body experience report actually being
able to recall specific details of events that had taken
place at a time when they had been unconscious. If
correct, this would make it unlikely that such experiences
are simply illusions, even if the trigger for the experience
and hence the neurological intermediary pathway for
such an experience may lie in the temporoparietal region
of the brain.

In general, all the brain-based and psychological the-
ories for the causation of NDE have proposed possible
physical or psychological triggers that may either lead to
or mediate the NDE. Although none of the above
hypotheses can account for the NDE in its entirety, the
NDE is undoubtedly mediated by neuronal intermedi-
aries and may be triggered by either a physical or psycho-
logical stimulus. Identifying the neurological changes
that mediate an experience, however, cannot identify
or determine the “reality” of the experience and this
includes near-death experiences. Every subjective exp-
erience is mediated by neuronal changes, and is triggered
by physical or psychological stimuli, including familiar
experiences such as maternal love and compassion;
however, identifying the detailed neuronal circuitry that
mediates these experiences does not define their “reality.”
In the same way, eventually identifying the neuronal
pathways that mediate NDE cannot determine their
“reality.” Reality, on the other hand, is socially and not
neurologically determined.33 As explained above, they
also do not take into account that people who have had an
out of body experience report actually being able to recall
specific details of events that had taken place at a time
when they had been unconscious, so simply identifying
the neurological triggers for the experience may not help
determine its reality.

Almost all of our understanding of cognitive neuro-
science and its representation in brain structure depends

on correlates of cognition. The models of cognition that are
built from those data are, however, correlative rather than
causative models.

The limitation of early studies

Nevertheless, despite the large number of interesting cases
and retrospective studies carried out in the 1970s and
1980s, one of the greatest difficulties in studying these so-
called near-death experiences had been the difficulty in
defining the actual proximity of the individuals to clinical
death. Most cases involving such near-death experiences
had not been recorded in conjunction with actual medical
data demonstrating objective proximity to death. In some
cases, such as the ones illustrated in this text, the patients’
own accounts appeared to indicate the existence of a
period of cardiac arrest. Therefore because near-death
experiences can occur in widely varying circumstances,
one of the difficulties in studying them has been the
problem of defining the actual proximity of the individuals
to clinical death.

The cardiac arrest model of the near-death
experience

In clinical practice, death is diagnosed when the heart
stops beating, the person stops breathing, and the brain-
stem and hence the rest of the brain have stopped func-
tioning. The ideal model to study the near-death
experience, therefore, is one in which these criteria are
met, namely a cardiac arrest.34

In this condition patients develop two out of the three
criteria of clinical death – no heartbeat, no breathing – and
also develop the third – fixed dilated pupils of the eyes* –
within a few seconds owing to the loss of brain and, in
particular, brainstem function. Secondly, cardiac arrest
mimics the initial period of the dying process biologically.
Finally, irrespective of the cause of death, the last steps in
the dying process are the cessation of breathing and heart-
beat – in other words a cardiac arrest. What people experi-
ence at that time can provide us with a unique window of
understanding into the subjective experiences of the dying
process.34

In the 1970s Sabom had interviewed a group of cardiac
arrest survivors and matched their descriptions of the
arrest to the medical notes. He had concluded that patients
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who had out-of-body experiences were able to describe the
resuscitation process as recorded in the medical notes.35 In
1994, Martens36 conducted a small retrospective study
looking at a group of out-of-hospital cardiac arrest sur-
vivors. Since no near-death experiences had been found in
this group, it was concluded that this phenomenon must
be very rare in cardiac arrest survivors.

The first published prospective study to identify NDE
accounts in cardiac arrest survivors was a small 1-year
prospective study which showed that 6% of 63 cardiac
arrest survivors reported having lucid well-structured
thought processes, together with reasoning and memory
formation.34 This study was based upon interviewed
accounts obtained within 1 week of the arrest. The experi-
ences recalled were typical of those reported in other
studies.

The main features that were recalled were coming to a
border of no return, feeling peace, feeling joy, seeing a
bright light, losing awareness of the body, and seeing
deceased relatives. The authors found no evidence to
support a specific role of drugs, hypoxia, hypercarbia, or
electrolyte disturbances in the causation of the experi-
ences. This was, however, a small study and therefore the
authors concluded that a larger study would be needed. In
a larger Dutch study 344 cardiac arrest survivors from 10
hospitals were interviewed over a 2-year period, and 41
(12%) reported experiences similar to those from the
British study.37 Approximately 24% of those who had an
NDE also had an out-of-body experience and some
reported having been able to watch and recall events from
their cardiac arrest.

In one case, a nurse had reported having removed a
patient’s dentures and placed them in a drawer in a special
trolley. Throughout the 1.5 hours of his resuscitation the
patient had remained in a coma. One week later he had
returned to the same ward where the nurse worked and
after seeing her said “Oh, that nurse knows where my den-
tures are.” He went on to describe how she took his den-
tures out of his mouth and put them into the crash trolley.
He added “It had all these bottles on it and there was this
sliding drawer underneath and that’s where you put my
teeth.”

The nurse is quoted as saying:

I was especially amazed because I remembered this happening

while the man was in a deep coma and in the process of CPR. When

asked further, it appeared that the man had seen himself lying in bed

and that he had perceived from above how the nurses and doctors

had been busy with CPR. He had also been able to describe correctly

and in detail the small room in which he had been resuscitated as

well as the appearance of those present . . . At the time . . . he had

been very much afraid that we would have to stop CPR and that he

would die. And it is true that we had been very negative about his

prognosis due to his very poor medical condition when admitted.

The authors found that the occurrence of NDEs was not
influenced by the duration of unconsciousness or the type
of cardiac arrest, or by medication, but that there were
more NDEs in those who had previous CPR, previous NDEs
and also in the group of survivors who died shortly after
their experience, suggesting that maybe the closer the
patients were to death, the more likely they were to get
an NDE.

This study also extended and confirmed the findings of
the retrospective studies described above that a near-
death experience has long-term life-enhancing sequelae.
Using a life-change inventory38 Van Lommel assessed the
long-term attitude changes in a subset of his sample. 23
patients with an NDE had a 2- and an 8-year follow-up, and
15 matched patients with no NDE were interviewed at the
same time intervals.

The authors found that there were changes in attitude
after a cardiac arrest even amongst the people who did not
have an NDE, although they were not as marked as those
seen in patients who did have such an event. It is clear that
a cardiac arrest in itself is a very powerful event and leads
to changed attitudes. Both groups became less fearful of
death, but interestingly, spirituality decreased in the non-
NDE group but increased in the NDE group. They con-
cluded that patients who have an NDE after a cardiac arrest
have larger and more positive changes in attitude than
those who do not.37

Two other studies of NDE in cardiac arrest were pub-
lished from the USA. One study of 1,595 people who had
been admitted to a cardiac unit over a 30-month period,
also found that the incidence of NDE increased with the
severity of the cardiac disease: only 1% of those admitted
with stable cardiac disease reported NDEs; this increased
to 10% of those with cardiac arrest. Those who had had an
NDE were no different from those who had not in terms of
social or demographic variables, cognitive function, or
degree of heart disease.39 Another US study found that 23%
of cardiac arrest survivors had an NDE and that again those
with NDEs became transformed in a positive manner after
6 months.40

It is clear from both retrospective studies and the
prospective cardiac arrest studies that having an NDE
during a cardiac arrest may have life-enhancing sequelae.
In general those with an NDE are happier, more socially ori-
entated, less materialistic, more altruistic and less afraid of
death than those who do not have this experience.4,15,37,40
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Consciousness and awareness during cardiac
arrest: what can we learn from awareness during
anesthesia?

Although the reports of consciousness, thought processes,
reasoning and memory formation during cardiac arrest are
relatively new, reports of awareness while under general
anesthesia have been noted since the introduction of anes-
thesia in the nineteenth century. In these cases such aware-
ness is usually caused by insufficient anesthesia or by light
levels of anesthesia allowed by the use of muscle relaxants.
After being aware during general anesthesia, patients
report hearing conversations, sensations of paralysis and
pain, anxiety, panic, and helplessness.41 Subsequent psy-
chological sequelae may arise, with sleep disturbances,
nightmares, flashbacks and a preoccupation with death.42

This phenomenon is rare and is thought to arise in less than
1% of patients who undergo general anesthesia, but follow-
ing its occurrence a longer term post-traumatic stress dis-
order may also arise.43

Four stages of perception during general anesthesia
with memory of intraoperative events have been

described.44 At the first stage there is conscious perception
with explicit memory. This has been reported in the unfor-
tunate case of those who have been administered a mus-
cular paralytic agent together with inadequate anesthesia
and are thus able to feel and perceive events fully but
appear completely unconscious. As actual anesthesia is
administered and deepened, explicit recall of intraopera-
tive events is lost, but conscious perception remains, such
that the apparently anesthetized patient is capable of
responding to commands yet appears amnesic of events
afterwards. This is the stage of conscious perception
without explicit memory (stage 2). There is evidence that
with deeper anesthesia there is the possibility of sub-
conscious perception with only implicit memory of
intraoperative events (stage 3). A progressive increase in
anesthetic concentration leads first to a progressive
reduction in working memory, then loss of consciousness
and explicit memory, whereas implicit memory of intra-
anesthetic events may remain (stage 4). In one study
that supports this finding, during anesthesia half of
the patients were presented with target words from the
category of fruit and colour, whilst the other half had

Table 69.1. Summary of changes in cardiac arrest survivors at 2-year and 8-year follow-up

2-year follow-up 8-year follow-up

Life-change inventory questionnaire NDE (n�23) no NDE (n�15) NDE (n�23) no NDE (n�15)

Social attitude

Showing own feelings 42 16 78 58

Acceptance of others 42 16 78 41

More loving, empathic 52 25 68 50

Understanding others 36 8 73 75

Involvement in family 47 33 78 58

Religious attitude

Understand purpose of life 52 33 57 66

Sense inner meaning of life 52 25 57 25

Interest in spirituality 15 �8 42 �41

Attitude to death

Fear of death �47 �16 �63 �41

Belief in life after death 36 16 42 16

Others

Interest in meaning of life 52 33 89 66

Understanding oneself 58 8 63 58

Appreciation of ordinary things 78 41 84 50

NDE � near-death experience. The sums of all individual scores per item are reported in the same 38 patients who had both follow-up

interviews.

Participants responded in a five-point scale indicating whether and to what degree they had changed: strongly increased (�2),

somewhat increased (�1), no change (0), somewhat decreased (�1), and strongly decreased (�2). Only in the reported 13 (of 34) items in

this table were significant differences found in life-change scores in the interview after 2 years.



seaside noises played to them through headphones.
Postoperatively no patient had explicit recall of the sounds
but the experimental group of patients generated more
target words when asked to name the first three fruits and
colors that came to mind.44 At deeper levels of anesthesia
there is no perception and no memory.

Using what is understood from awareness during anes-
thesia it may thus be possible to conclude that perhaps
during cardiac arrest there are different levels of con-
sciousness depending on the degree of cerebral depression
that occurs as a consequence of reduced cerebral blood
flow. Nevertheless, as described later in this chapter much
of the evidence regarding cerebral function during cardiac
arrest indicates that there is a lack of electrical activity in
the brain during cardiac arrest. It has thus been proposed
to study the phenomenon of consciousness and its rela-
tionship to cerebral function during cardiac arrest by using
bispectral EEG monitoring.

Long-term psychological and cognitive effects of
surviving a cardiac arrest

It is now widely recognized that severe mental reactions
may occur in response to a stressful event and that having
a cardiac arrest may be emotionally extremely stressful. In
addition, as many patients may have suffered from hypoxic
brain injury,41 and moderate to severe neuropsychological
sequelae have been found in approximately 50% of cardiac
arrest survivors after 1 year,45 this has highlighted the sig-
nificance of studying the long-term psychological effects
of surviving a cardiac arrest. Relatively few studies have
addressed this issue, nevertheless, sufficient work has been
done to show that cardiac arrest survivors enjoy a good
overall quality of life, but may suffer from cognitive and
emotional impairments. It is not clear whether those who
have had an NDE during their cardiac arrest are protected
against these effects as no comparative studies have yet
been carried out.

Quality of life after cardiac arrest

Granja et al.46 studied the health-related quality of life 6
months after a cardiac arrest using the EQ-5D Generic
Quality of Life Instrument, developed by the EuroQol
Group. The authors studied all cardiac arrest patients
between April 1997 and December 2000 who had been
resuscitated after cardiac arrest. These survivors filled in
the questionnaire 6 months after discharge. A matched
control group consisted of similar aged patients with an

approximately equal Apache II score from randomly
selected ICU patients without cardiac resuscitation. This
was a small study, as although 36 patients were dis-
charged from hospital, 12 of these died before their
6-month evaluation. A further five were not evaluated.
Overall, 19 patients completed the questionnaire, of
whom only 8 were working at that time. Eleven patients
were retired, however, and 7 of these returned to their pre-
vious level of activity. Interestingly, there was no differ-
ence on the HR-Qol scores between the survivors of
cardiac arrest and those from other ICU patients. The
authors comment: “These results agree with previous
reports stating that CPR is frequently unsuccessful, but if
survival is achieved, a fairly good quality of life can be
expected.”

Further work by Nichol et al.,47 in a study examining both
in-hospital and out-of-hospital cardiac arrest survivors
showed that quality of life issues were correlated with clin-
ical parameters. The surviving cohort was followed up for a
minimum of 6 months after discharge. From an original
group of 126 survivors, 86 patients were interviewed with
the Health Utilities Index Mark III used as the quality of life
assessment tool. The results indicated that “utilities” were
highest in patients with the shortest times to initiation of
CPR and that the mean utility scores were lower than those
found in the general population or people not limited by
chronic disease. Survival was considered to be poor, but
most of the survivors retained an acceptable health-related
quality of life. With use of the Health Utilities Index Mark
III, another study in survivors of out-of-hospital cardiac
arrest examined the health-related quality of survival in
268 one-year survivors from an original group of 8091
patients. Scores achieved by these patients compared well
with age- and sex-matched members from the general
population. Patients aged 80 or more were the most
affected and bystander CPR was associated with better
health-related quality of life outcomes. The authors con-
cluded, “. . . such survivors have good health-related
quality of life and functional status”.48

Long-term emotional effects and the occurrence
of post-traumatic stress disorder after cardiac
arrest

Post-traumatic stress disorder (PTSD) is a unique
symptom configuration after an extreme event consisting
of intrusion re-experiencing (flash-back), avoidance and
numbness, and hyperarousal symptoms.49 Until recently,
few studies had examined the occurrence of PTSD in
cardiac arrest patients, even though this condition may
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potentially be one of the most traumatizing conditions for
patients.

In a study aiming to examine the long-term prevalence
and emotional disability in cardiac arrest survivors. Ladwig
et al.50 conducted follow-up analysis in a group of 21 sur-
vivors of out-of-hospital cardiac arrest who had sufficient
cerebral performance to enable appropriate psychodiag-
nostic assessment. A cohort was selected from in-hospital
patients who had experienced ventricular tachycardia or
fibrillation arrest specifically. These were then compared to
a “control” group containing cardiac patients with unsta-
ble angina, but who did not suffer cardiac arrest. The
results were complex; however, the study group did display
healthy levels of emotional stability and had a mean
anxiety score lower than did the comparative group (using
the Hospital Anxiety and Depression scale). When sur-
veyed via self-assessment, the cardiac arrest group indi-
cated no differences from the angina group with respect to
mental condition and their somatic condition or illness-
related quality of life issues. The only detectable difference
between the two groups concerned ability to concentrate
which was more impaired in the cardiac arrest group. Over
half of the cardiac arrest group patients stated that having
had a cardiac arrest had significantly affected their lives.
Identification of a subset of the cardiac arrest patients who
had PTSD (identified by the use of Impact of Event scores
on intrusive thoughts, avoidance states and increased
arousal) showed that patients who had PTSD scored higher
for depression and anxiety, which was also seen in the self-
assessment results. These patients had a more negative
outlook about their disease progression, were less able to
concentrate, and were more preoccupied with somatic
complaints. An important point is that patients who were
sedated at the onset of the events they experienced were
five times less likely to develop PTSD.

In another study of 143 cardiac arrest survivors who had
been followed up on average 45 months after the arrest, it
was found that 27% fulfilled criteria for PTSD according to
the Davidson Trauma Score. Patients with PTSD had a sig-
nificantly lower quality of life. The only independent risk
factor for the development of PTSD was younger age.
Nonetheless, in this study there was no difference between
patients with or without PTSD in use of sedation and anal-
gesia during or after cardiac arrest.51 In a smaller study
comparing 27 patients who had survived an in-hospital
cardiac arrest with 27 patients who had a myocardial
infarction uncomplicated by cardiac arrest, a similar inci-
dence of PTSD was found. 19% of the cardiac arrest sur-
vivors and 7% of the MI survivors fulfilled the DSM-IV
criteria for PTSD when assessed by structured clinical
interview.52

Cognitive and behavioral changes after cardiac
arrest

Despite the relatively good quality of life, many studies
have indicated that cardiac arrest may be associated
with long-term memory impairment in approximately
20%–50% of survivors. In particular, studies have indicated
impairment of long-term memory and executive function
impairment together with focal cognitive deficits.

Grubb et al.53 found that when assessing cognitive func-
tion, between 2 months to 1 year after cardiac arrest, up to
40% of survivors from out-of-hospital cardiac arrest have
memory impairment of the ability to “recall” rather than
“recognition” memory. It was suggested that this may
occur as a consequence of hippocampal damage, as
“recall” memory is mediated by the hippocampus. In a
further study by the same group which aimed to assess
longer-term memory effects of surviving cardiac arrest, 10
of the previously identified survivors of out-of-hospital
cardiac arrest were followed up to 3 years after the index
event and re-examined for cognitive impairments. These
patients were age- and sex-matched with control subjects
with myocardial infarction without cardiac arrest. Using
the “Rivermead Behavioural Memory test” (RBMT), a test
of the ability to extract information from short- to long-
term memory and hence a test of memory impairment that
may affect everyday activities, as well as the “Doors and
People” test, which identifies “recall memory”, they were
able to show that although the RBMT scores declined in
both groups, the cardiac arrest patients were significantly
more affected. The DPT scores remained poor in the
cardiac arrest group, whereas they were normal in the MI
group. This study demonstrated that the memory deficits
that take place after a cardiac arrest are persistent and
focal, and that “cognitive impairment is a serious and
underdiagnosed complication of prolonged cardiac arrest”
with considerable effects on normal living activities.54

Further work by O’Reilly and colleagues55 regarding
memory impairment compared three groups: in-hospital
cardiac arrest survivors, out-of-hospital cardiac arrest sur-
vivors and patients with myocardial infarction without
cardiac arrest. Four tests were applied to each respective
cohort, each consisting of 35 subjects. The tests sought to
identify the current state of “affect” (Hospital anxiety and
depression scale), premorbid intelligence (National adult
reading test), short-term memory (digit span test), and
long-term episodic memory (Rivermead behavioural
memory test). The in-hospital cardiac arrest survivors dis-
played higher anxiety levels than did the other two groups,
and moderate or severe memory loss was identified in 26%
of these patients. The memory impairment in these
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patients was not significantly different for the out-of-
hospital survivors; however, 38% of them were categorized
as moderately or severely impaired. None of the MI group
experienced this level of memory impairment. There were
no significant differences between the groups with respect
to premorbid intelligence and short-term memory tests,
with both groups scoring within the normal range
expected for unimpaired adults.

Some cognitive defects have been shown to be present
soon after cardiac arrest. In one study 60% of patients
were found to have moderate to severe cognitive deficits
3 months after cardiac arrest. At 12 months, almost 50% of
survivors still had moderate to severe deficits; 45% had evi-
dence of depression and 24% had severe depression.45

Nunes56 studied the long-term effects of surviving a
cardiac arrest. Eleven cardiac arrest survivors from the
intensive care unit were examined between 1 and 3 years
after cardiac arrest. Patients were classified by using the
Cerebral Performance Categories (CPC), neurological
examination, detailed cognitive testing and computerized
tomography (CT) scan with qualitative and quantitative
imaging analysis. Six of the 11 patients had good cerebral
performance. The verbal and visuospatial short-term
memory scores were associated with CPC, such that all
patients with at least moderate cerebral disability were
found to have abnormal verbal memory test results com-
pared with only one survivor with good CPC score (CPC 1);
visuospatial short-term memory was abnormal in four
moderately affected survivors and normal in those with
good CPC score (CPC 1). CT scan findings correlated with
the verbal memory score and the executive functions score,
suggesting involvement of different brain areas in these
functions. CT imaging revealed atrophy in both qualitative
and quantitative analysis, and correlated with impairment
in cognitive testing. This was found in the frontal and tem-
poral areas. Another study with MRI has also suggested that
memory impairment in cardiac arrest survivors is associ-
ated with global cerebral atrophy and not just selective
hippocampal damage,57 which relates to executive and lan-
guage dysfunction found in affected patients.

Long-term psychological care of cardiac arrest
survivors

Although the study of cognition and consciousness during
cardiac arrest as well as the longer term psychological out-
comes of surviving a cardiac arrest comprise a relatively
new area of study, significant advances have been made in
this field in the last decade. It has been demonstrated that
many cardiac arrest survivors may have cognitive processes

during the time of their arrest and anecdotally some have
also been able to describe verified events accurately during
their arrest, indicating the presence of consciousness.
Near-death experiences appear to have a long-term protec-
tive psychological effect, even though many studies have
shown that a significant proportion of cardiac arrest sur-
vivors may suffer from behavioural, cognitive, and emo-
tional disturbances that may begin soon after the cardiac
arrest and persist for many years. More work is needed to
identify ways of preventing and treating these impairments
in cardiac arrest survivors.

To date, there are no standardized programs for the long-
term psychological care of cardiac arrest survivors, but as
recent studies have indicated that many patients who
undergo a cardiac arrest may have long-term psychologi-
cal outcomes, care should be focused on identifying and
appropriately managing patients after the arrest. The
authors suggest the establishment of follow-up procedures
for cardiac arrest survivors through trained health care
professionals who can identify those who may be suffering
depression, post-traumatic stress disorder, and emotional
or other cognitive effects.

Implications of the study of cognition and
consciousness during cardiac arrest

An interesting point that had been raised as a consensus of
opinion by the authors of the four published prospective
studies of near-death experiences during cardiac arrest,
was that the occurrence of lucid well-structured cognitive
processes together with memory formation and recall of
detailed accounts of events from the period of resuscita-
tion may be a scientific paradox. It has been proposed that
this may, in turn, have profound implications for the sci-
entific discovery of the nature of consciousness and its
relation with the brain, which is one of the most profound
questions facing science today.58

The basic scientific problem of consciousness is simple
to describe but difficult to answer: how does our sense of
self-awareness together with all our subjective thoughts,
feelings, and emotions arise from the brain? Traditionally,
in philosophical circles this has been referred to as the
mind–body problem, and whereas many well-known
philosophers including Plato and Descartes have argued
that the mind and brain are separate entities, many
modern scientists have proposed that the mind is a
product of brain activity. The common views for its occur-
rence can be broadly divided into conventional and non-
conventional neurobiological theories. Those in support of
the conventional neurobiological theories have commonly
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proposed that mind and consciousness are products of
neuronal activity and arise as an epiphenomenon from
cerebral activity. Conceptually, this is similar to how light
arises from a light bulb, but is not the same as the underly-
ing processes within the light bulb. A number of different
theories have been proposed to account for this phenom-
enon, which portray consciousness as an emergent prop-
erty of neuronal activity in the brain.59–62 Evidence to
support these theories has come from the observation
that specific changes in function, such as personality or
memory are associated with specific cerebral lesions. In
addition, fMRI and PET scanning have also shown a corre-
lation between metabolic activity and different mental
states. Although these provide evidence for the role of neu-
ronal networks as an intermediary for the manifestation of
thoughts, they do not necessarily imply that those cells
also produce the thoughts. Almost all our understanding of
cognitive neuroscience and its representation in brain
structure depends on correlates of cognition. The models
of cognition that are built from these data are correlative
rather than causative models. Thus, we proceed with our
third-person objective science we cannot get close to sub-
jective experience. This has led to alternative “non-con-
ventional” explanations for consciousness.

It has been proposed that mind and consciousness may
arise from quantum processes within neuronal micro-
tubules,63 or may actually be an irreducible scientific entity
in its own right,64,65 similar to many of the concepts in
physics such as mass and gravity, which are also irre-
ducible entities. Consciousness has thus been proposed to
be similar to the discovery of electromagnetic phenomena
in the nineteenth century, or quantum mechanics in the
twentieth century, both of which were inexplicable in
terms of previously known principles and were introduced
as fundamental entities.64 Some have argued that this
entity is a product of the brain, whereas others, such as the
late Nobel laureate Sir John Eccles, have argued that it may
be an entirely separate entity not produced by the brain.
Furthermore, it has also been proposed that consciousness
may be an irreducible scientific entity that is composed of
a very subtle type of matter that is still not amenable to
measurement by our scientific tools, but is similar in
concept to electromagnetic waves, and is governed by
precise laws, axioms and theorems.65

In spite of obvious interest, no testable, plausible biolog-
ical mechanism to account for how the brain may give rise
to the mind or consciousness has been proposed. Despite
a number of theories, progress has been hampered by a
lack of experimental models to test such theories. The
study of the human mind and consciousness during
cardiac arrest has been proposed as a novel and innovative

method that has arisen in the last few years for testing any
theory of consciousness.58

This is because studies have indicated that during
cardiac arrest there is little or no cerebral perfusion and
hence no measurable EEG function. Although more accu-
rate studies are needed to verify the occurrence of con-
sciousness and thought processes during the actual
process of cardiac arrest, evidence gathered so far appears
to indicate that, paradoxically, thought processes with
accurate recall of events, reasoning and memory forma-
tion may occur during cardiac arrest. Evidence from
human and animal studies has shown that there is a loss of
global brain function during cardiac arrest. Immediately
after a cardiac arrest due to the cessation of the heartbeat,
the blood pressure drops to unmeasurable levels. During
properly performed chest compressions, the systolic
values may rise to sufficient levels, but the diastolic values
and hence the mean arterial pressure still remain low.66,67

The use of vasopressors such as epinephrine and vaso-
pressin has been shown to increase blood pressure, as well
as cardiac and cerebral perfusion pressures as compared
with chest compressions alone.68,69 Coronary and cerebral
perfusion rely on adequate diastolic pressures and there-
fore the pressures generated during cardiac arrest with
chest compressions and the use of epinephrine, although
better than no intervention, are still generally too low
for adequate perfusion. Cerebral perfusion pressure (CPP)
is determined by the difference between the mean arter-
ial pressure and the intracranial pressure (MAP – ICP).
It has been shown that the more prolonged a cardiac
arrest, the higher the ICP rises and hence a higher MAP is
needed to maintain CPP.70 Relatively low mean arterial
blood pressures are maintained until the resumption
of cardiac output despite conventional cardiopulmonary
resuscitation.67–69,71

In clinical practice the EEG is often used to assess cere-
bral ischemia during procedures such as cardiac and neu-
rosurgery and to assess cerebral function during cardiac
arrest in animals and humans. The data from humans are
largely limited to those obtained during defibrillation
threshold testing at defibrillator implantation, or individ-
ual case reports on patients who had suffered a cardiac
arrest while connected to an EEG. In patients with early
defibrillated arrhythmias, concurrent EEG monitoring
during a cardiac arrest has shown an initial slowing of the
EEG, which then progresses to an isoelectric (flat) line
within approximately 10–20 seconds and remains flat until
the resumption of cardiac output.71 In cases of prolonged
cardiac arrest, however, EEG activity may not return for
many tens of minutes after cardiac output has returned.72

Cerebral blood flow is severely impaired, which leads to a
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lack of electrophysiological activity in the cortex, which
worsens with the length of the arrest. Animal studies have
shown that an absence of cortical EEG activity correlates
with an absence or reduction in activity of the deep brain
structures as measured by in-dwelling electrodes.73,74 As a
result, consciousness is rapidly lost during a cardiac arrest.

Although there is minimal blood flow to the brain during
a cardiac arrest, it has also been shown that, after a cardiac
arrest, local cerebral blood flow and hence cerebral perfu-
sion are also severely impaired, despite the restoration of
an adequate blood pressure and gross cerebral blood flow
rate. This is due to local increases in vasoconstriction, pos-
sibly brought about by an imbalance in the local produc-
tion of vasoconstrictors and vasodilators, which can also
explain the observed lack of electrical activity on EEG after
the maintenance of adequate blood pressure during the
recovery phase of cardiac arrest. The main factor responsi-
ble for this reduced cerebral blood flow after a cardiac
arrest is the initial period of ischemia before adequate
resuscitation.70 From a clinical point of view these obser-
vations are supported by the continued loss of brainstem
reflexes such as the gag reflex and continuing uncon-
sciousness. The unconsciousness is due both to reduced
cerebral perfusion and to the absence of brainstem func-
tion required to maintain cortical activity.

The occurrence of lucid, well-structured cognitive
processes such as attention and memory recall of specific
events during a cardiac arrest (NDE) raises a number of
interesting and perplexing questions. As described above
these experiences are reported to be occurring during
unconsciousness at a time when cerebral function is
severely impaired or absent. Cerebral localization studies
have indicated that cognitive processes are mediated
through the activation of a number of different cortical
areas. Therefore a globally disordered brain will not support
lucid thought processes. It has been shown that even rela-
tively minor reductions in blood flow lead to impaired
attention.76 The experiences reported from cardiac arrest
are clearly not confusional and occur at a time when con-
sciousness and memory formation should not be possible.

An alternative explanation is that the experiences may
actually be arising at a time when consciousness is either
being lost or regained, rather than during the cardiac
arrest. Experiments during simple fainting episodes have
shown that experiences arising during loss of conscious-
ness occur in conjunction with ongoing mental experi-
ences at the beginning of the episode,77 which is not
classically seen in NDEs. EEG data during fainting show a
gradual slowing of the cerebral rhythms with the appear-
ance of delta activity before finally, in a minority of cases,
the EEG becomes flat.78 During cardiac arrest, the process

is accelerated, with the EEG showing changes within a few
seconds.79 Cerebral insult leads to a period of both antero-
grade and retrograde amnesia.80,81 Memory is a very sensi-
tive indicator of brain injury and the length of these
amnesic periods is a measure of the severity of the injury.82

Therefore, events that occur just before or just after loss of
consciousness would not be expected to be recalled, or if
they were, the memory would be confusional.81,82 As
described above, cerebral function as measured by EEG
may not return until tens of minutes or even a few hours
after successful resuscitation. Despite these observations it
can still be argued that some of the recalled features may
be occurring during the recovery phase, although the
patient believes that they occurred during the arrest. The
many anecdotal reports of patients being able to “see” and
recall specific details relating to the resuscitation period,
however, which have been verified by hospital staff, cannot
be simply explained in this way and point away from this
conclusion. For memory to take place, consciousness
would need to be present during the actual cardiac arrest
itself.

Studying cognitive function during cardiac arrest allows
examination of the relationship between consciousness
and brain function. It is perhaps the only clinical situation
in which global brain function temporarily ceases, so if
consciousness is indeed present, then it clearly cannot be
entirely dependent on brain function. The exciting point
that we currently face is that for the first time this can now
be tested objectively through large studies. It has been pro-
posed to test the claims of “consciousness” and being able
to “see” during cardiac arrest objectively by the use of
hidden targets that are only visible from a vantage point
above the patient and accurately timing these experiences.
If it can be proven that this period of consciousness had
indeed taken place during cardiac arrest, rather than
before or after it, this will have significant implications for
science. The study of consciousness has for many years
been a neglected area of science, but has now become a
significant point of debate in neuroscience. This new
approach may provide an insight into this intriguing, yet
largely unexplored area of science.
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The most important factor in survival from sudden cardiac
arrest is the presence of a trained rescuer who is equipped to
intervene. The most effective tools of the trained rescuer are
CPR and defibrillation. CPR has been taught as a formal
program to professionals since the late 1960s and to the lay
public since the early 1970s. The program has changed
markedly in scope and complexity as well as educational
format and philosophy since its inception. Resuscitation
councils that promote and teach CPR have sprung up
around the world. Yet, despite this long history of the avail-
ability of CPR programs and their promotion, most victims
of cardiac arrest do not receive bystander CPR.1–6 Moreover,
when CPR is performed, the quality of the CPR is often not
ideal.7,8 Although the development of the automated exter-
nal defibrillator (AED), its increasing affordability, wide-
spread promotion and availability to non-professionals have
all contributed to earlier defibrillation, the number of people
who are resuscitated is still limited by the low numbers of
people who receive bystander CPR before defibrillation and
the often poor quality of CPR when it is provided.

This chapter will address the challenge of teaching CPR
effectively in various contexts: to the lay public, to layper-
sons with a duty to respond (such as police, fire, lifeguards,
and airline employees), and to healthcare professionals. It
will also discuss advanced educational technologies and
present a model for new course development.

Teaching CPR

The lay public

Bystander CPR has consistently been shown to more than
double the odds of survival from sudden cardiac arrest

(SCA).9–16 The few communities that have high bystander
CPR rates have been effective in communicating the impor-
tance of CPR to the general public and have encouraged the
whole population to learn CPR, but they have also directed
their training efforts toward those people who are most
likely to encounter SCA, and have made training readily
available through both traditional and innovative means.
Offering a variety of CPR courses, using different methods,
in different settings, and of variable lengths provides the
greatest chance of success in involving the many and
diverse individuals who comprise any community.

Whom to teach
The chance that any particular individual in a community
will have an opportunity to perform CPR is very small,
unless that individual lives or works in a high-risk area or
with a high-risk population. Thus, the primary target pop-
ulation for CPR education should be those people who are
most likely to encounter a cardiac arrest.17 This group
includes the families of high-risk patients, people who live
in retirement communities and people who work in large
office buildings, shopping malls, airports, and other
similar venues.18 Nevertheless, even though other individ-
uals are unlikely to encounter SCA, the greater the propor-
tion of the population capable of performing CPR, the
greater the chance that SCA victims will receive bystander
CPR, so it is important to attract the general public to CPR
courses. If there is a social climate of expectation that
people should know how to perform CPR, people are more
likely to seek out and attend CPR courses. The media
has an important role to play in creating this climate of
expectation and they should be encouraged to do so with
the offer of newsworthy stories of successful resuscitations
and the role that bystanders play in the process.19,20 Public
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events and celebrity participation are often helpful as
well.21 CPR awareness campaigns can often reach people
through the workplace and through community groups: a
co-worker or group member who is a proponent may inter-
est others in participating. Government can assist in creat-
ing a climate of expectation and in encouraging CPR
proficiency in the general population.

At first glance, instructing schoolchildren in CPR seems
like misdirected energy since the likelihood of a school-
child encountering a cardiac arrest is very small indeed.
Instruction of schoolchildren is expected to pay large divi-
dends in future years, however, because it exposes children
to the concept and practice of CPR at a stage in their lives
when they are best equipped to learn and retain knowledge
and skills.22–27 Research has shown that many adults are
reluctant and unprepared to act in an emergency.28

Teaching children to act in an emergency, before they have
been socialized to fear and avoid such situations, makes it
more likely that they will be prepared and willing to do so
when they become adults.29 Many communities have suc-
cessfully incorporated CPR instruction into the standard
school curriculum.22,30,31

What to teach and how to teach it
Since their inception in the 1960s, CPR courses have
undergone regular updates in content, as well as changes
in format and scope. Despite this regular renewal, available
research suggests that courses are not particularly success-
ful. Learners perform CPR poorly even immediately fol-
lowing their training and, when they are assessed 3 or 6
months later, their performance has further declined. This
relative failure of CPR instruction may be due to the struc-
ture and content of the CPR courses themselves, teaching
methods that are not appropriate to lay persons, the
quality of instruction, or inadequate practice time.32–40

CPR courses were initially designed by clinicians and,
until recently, have not been evaluated to determine
how well they accomplish their intended goal of pro-
ducing CPR proficiency. Feedback over the years has
suggested that learners are intimidated by the skill
requirements and have often left courses unwilling to
perform CPR for fear of doing it incorrectly. This feedback
has led to changes in course requirements (learners no
longer have to produce a perfect strip on a recording
manikin) and to the presentation of material – but
courses have not been redesigned completely. Course
development should be led by educational specialists and
should be evidence-based. The course should be thor-
oughly tested for educational efficiency prior to its wide-
spread use. A model for new course development is
presented later in this chapter.

CPR courses were traditionally led by instructors, begin-
ning with a lecture on theory, followed by a demonstration,
and concluding with manikin practice. The ineffectiveness
of this model was documented in 1985 and led to video-
based skill instruction (watch-then-practise) where stu-
dents were presented with standardized, accurate, and
on-message information from an instructional video, with
the instructor serving as a facilitator.41,42 By 1999, watch-
then-practise was the primary CPR instructional method in
the USA. Video self-instruction (VSI), or practise along with
the video while you watch, was developed during
1993–1997 because of limitations in watch-then-practise
video instruction to produce competent CPR perfor-
mance.43–47 VSI is expected to be adopted by the leading US
training organizations in 2006. An advantage of the video-
based model is that the information and CPR technique
that is presented can be standardized and optimized.
Regardless of whether the instructor leads or facilitates,
immediate hands-on practice (watch-then-practise or
practise-while-you-watch) helps to reduce anxiety about
skill performance and increases the relevance of oral
information, in that answers follow rather than precede
questions.

Instruction is always most effective when it is provided
in a manner that meets the learner’s personal objectives.48

It is counterproductive to insist on a course duration of 4
hours when many learners want and/or need only an hour
or less to learn CPR. Educational principles direct that the
course be structured to suit the age and learning style of
the group being taught.

Other CPR instructional programs that were video-,
television-, CD-software-, and Internet-based were devel-
oped during the 1990s for specific populations at risk and
were designed to be used at times and locations that were
convenient and non-threatening to their target audi-
ences.36,39,43–47,49–52 The disadvantage of self-instruction is
that the learner is unable to ask questions or receive cor-
rection of faulty technique, although approaches such as
VSI uniformly produce competent CPR technique
approaches without intervention from an instructor. For
special target audiences, such as the spouses of heart
attack patients, specially trained on-scene instructors are
needed to address learner fears and to prepare the learner
for what to expect. For this reason, families or caregivers of
persons at high risk should not rely solely on self-
instruction.36,49,50,53,54

Some automated external defibrillators (AEDs) include
real-time CPR prompting to assist laypersons during
training and during actual cardiac arrest situations. The
prompting component is currently being evaluated. One
obvious question is whether people who follow real-time
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instructions can act independently to provide CPR in
situations when there is no machine on scene to prompt
them – which is the usual real-life situation.

Assessment of a learner’s ability to perform CPR is a crit-
ical step in determining program success in producing
competent CPR performance. Skill assessments per-
formed by instructors of the major US training organiza-
tions have traditionally been unreliable, with instructors
coaching and cueing learners during testing and/or
passing all students, regardless of the quality of CPR per-
formance. Reliable and valid research instruments used for
assessing CPR performance should be adapted for use by
instructors.55 Confidence to perform CPR is not a reliable
and valid measure of CPR competence, because most
learners express confidence at the conclusion of their CPR
course, regardless of the quality of their CPR performance.
Moreover, learners should understand that they need to
review and practise their CPR skills at regular intervals in
order to maintain their ability and confidence to perform
CPR in real life.56–60 Training agencies should also under-
stand the importance of reinforcement of skills and knowl-
edge and must work with learners, employers, and the
media to ensure that this message is heard.

Summary
The provision of bystander CPR contributes to higher sur-
vival rates among victims of sudden cardiac arrest. While
proven methods for teaching CPR have been developed,
we have not yet succeeded in training a large proportion of
the general public to be ready and able to perform CPR
proficiently in an emergency.

Lay persons with a duty to respond

A lay person with a duty to respond (hereafter called a “lay
responder”) is any non-healthcare professional who is
responsible for providing CPR or basic first aid skills in a
given interior or outdoor environment as part of day-to-day
responsibilities. Lay responders range from office workers
to flight attendants to security guards to emergency first
responders, such as lifeguards, police, and firefighters.

Lay responders face their own set of challenges. They
must be prepared to perform CPR on coworkers (people
they know and interact with on a daily basis) and on
strangers. Since lay responders do not have the knowledge
and experience, and hence neither the confidence nor
comfort level, of healthcare professionals, it is critical to
provide sufficient training and regular reinforcement to
build the confidence needed to respond effectively.
Feelings of reluctance or embarrassment in dealing inti-
mately with co-workers, and feelings of repulsion or appre-

hension, or fear of being exposed to disease may be partly
addressed by training and can be further reduced by the
use of mouth-to-mask devices. Training should include
precourse preparation, generous skill practice during the
course, and reinforcement exercises after the program to
assure long-term retention of core skills. The overall train-
ing program and response protocols should systematically
integrate the specialized knowledge and skills that are
peculiar to the work environments within which lay
responders will be functioning.

Training lay responders represents one of the most suc-
cessful strategies for increasing survival from sudden
cardiac arrest. Public access defibrillation programs in air-
ports,61 with police first responders,62,63 and in casinos64

have resulted in out-of-hospital survival rates of 49%–60%.
In designing the course curricula to train lay responders,

the following questions should be addressed.
1. What is the nature of the environment in which they will

respond?
2. What skills do they need to respond effectively in the

environment in which they work and what devices or
adjuncts, if any, will they be expected to use as part of
their response?

3. What is the probable frequency of skill use?
4. What safety issues are important in the environment?

The nature of the environment
The response environments of different categories of lay
responders differ dramatically. In any educational program
for lay responders, the challenges of their respective envi-
ronments must be addressed in the training program. For
example, flight attendants work in a very compact environ-
ment where formal medical back-up may not be available
for a long period of time. In an emergency, flight attendants
may have to deal with logistical barriers, such as difficult
access to the patient (e.g., obese victim in a window seat of
an aircraft). In this environment the responder will be faced
with some very challenging decisions (e.g., whether to ask
that the aircraft be landed urgently) and complicating
factors (e.g., CPR may not be possible during the landing of
the aircraft). All of these and other issues must be antici-
pated and addressed during training so that problems do
not prevent effective interventions during a real-life emer-
gency. Protocols should be established that clearly delineate
the expected actions when an emergency situation arises.

Police and firefighters, on the other hand, work in highly
diverse, complex, and sometimes dangerous environ-
ments. They confront a great variety of emergencies,
including trauma, poisoning, burns, and a host of other life-
threatening (to both the victims and themselves) situations.
During training, emphasis on scene safety is critical.
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addition, there may be national standards that dictate the
type of training that is required. In the United States, the
US Department of Transportation provides a National
Standard Curriculum for Certified First Responders that is
routinely used by police and fire organizations.

There are many national programs that can lay the foun-
dation for a well-organized course of instruction. The
American Heart Association, the American Red Cross, The
National Safety Council, the Heart and Stroke Foundation
of Canada, and the American Safety and Health Institute
are examples of organizations that provide training and
certification in CPR and/or first aid. Before such a program
is implemented, emergency medical educators should col-
laborate with experts from the specific target environment
to evaluate the needs of the responders and develop spe-
cific objectives, learning activities, skills, and protocols
most appropriate to a given training program.

Frequency of skill use and retention of Skills
The retention of skills may well be the most important issue
for the lay responder, because most lay responders use
these skills infrequently. To this end, the initial training
course should be structured to allow the student multiple
opportunities to learn, practise skills, and apply critical
information. For example, materials such as manuals,
reminder cards, interactive CD ROMS, videos, and others,
should be provided to the participant well in advance of
training to encourage independent acquisition of baseline
knowledge. These materials should remain available to the
student, so that independent review can be undertaken at
any time. A formal strategy for regular reinforcement of
skills and review of core knowledge should be included as
part of the training program.

An important function of the course itself is to provide
maximum opportunity to practise the core skills of CPR,
AED, and the use of barrier devices so that the student
becomes completely comfortable with the skills. The prac-
tice scenarios that use rescuer-specific case examples are
critical to the learning process.

Drills can be invaluable for reinforcing skills and knowl-
edge. A properly planned drill can identify flaws in the
response system and allow for significant quality improve-
ment. The optimal interval between drills has not been
established, but many programs conduct short drills at 6-
to 12-month intervals. Complete refresher training should
be provided approximately every 2 years or according to
local or national standards.

Safety issues
Every response environment represents some risk to the
responder. Infection, for example, is a universal risk.
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The challenges described in these two examples illus-
trate the need for a systematic analysis of the lay respon-
ders’ job and the circumstances they will encounter, as part
of the planning of an educational program for the selected
group. Such analysis can be adequately undertaken only by
an individual or team with expertise in the specific envi-
ronment, as well as expertise in the field of emergency
medical education.

Group-specific scenarios should be used to practise the
events most likely to be encountered. A sample scenario
for a police first responder is illustrated in Box 70.1. This
scenario integrates the primary police function of scene
safety with the role of CPR/AED responder. Job-specific
scenarios are invaluable for illustrating the context in
which response takes place; they should be set in the envir-
onment of the target audience and simulated through role-
playing with hands-on practice.

Box 70.1

Example scenario for police responder
Summary of Scenario: Potentially unsafe scene, VF, 1
Shock conversion
Case History: A 52-year-old male teller collapses fol-
lowing a hold-up at a bank. The dispatcher indicates
that the situation is ongoing.
Scene safety: Check the scene before entering bank.
The security guard advises you that the suspect has left
the scene but the teller has collapsed. Notify dispatch of
the status of the scene and respond to the teller.
Victim: Unresponsive, no breathing and no signs of
circulation.
Expected Actions: Determine unresponsiveness, notify
dispatch that you need an ambulance, apply the AED
and leave AED attached.
Outcome: After first shock victim returns regains
normal breathing and consciousness.

Skills for lay responders
The skills taught to lay responders can range from CPR and
the use of barrier devices to comprehensive CPR, AED, and
first aid training for adult and/or pediatric victims. The
target population and environment should determine
the selection of skills. For example, in a small business
where the incidence of trauma is low (i.e., store or office),
CPR and use of barrier devices may be sufficient to deal with
common medical emergencies such as fainting, stroke, and
cardiac arrest. In an industrial environment, additional
skills, such as first aid and use of an AED, may be needed. In



Clearly, issues of safety become more important in
response environments that pose greater danger, such as
construction sites, industrial settings, at a crime scene or a
fire. Scene safety is paramount in these environments and
should be emphasized in every aspect of training and pro-
tocol development. In some environments, safety proto-
cols may be dictated by national or local standards.

Stress must also be considered. Lay responders who
have never dealt with life-threatening emergencies may
experience significant stress, both during the emergency
and afterward, especially if the outcome is poor. When the
victim is a close friend or co-worker of the responder, stress
may be intensified. Post-event debriefing by a healthcare
professional can reduce inappropriate feelings of guilt or
inadequacy and should be routinely arranged as part of the
response program. During initial training, it is also impor-
tant, to set realistic expectations for the responder. Since
the survival rate from SCA is only around 5%, responders
should understand that positive outcomes in cardiac arrest
are the exception rather than the rule.

Summary
The well-trained lay person with a duty to respond repre-
sents one of the most successful strategies for increasing
survival from cardiac arrest and other life-threatening
emergencies.

A training program for this target population should take
into account all aspects of the response environment,
including specific safety issues, and should provide
responders with the skills, knowledge, and confidence they
will need to carry out their duties effectively.

Healthcare professionals

Basic life support
Numerous studies have shown that doctors, nurses, and
ambulance personnel are generally not proficient in basic
life support (BLS) skills, and that their skill retention, while
variable, is generally poor.8,35,65–74 Moreover, many health-
care professionals are reluctant to attend BLS courses, and
even more reluctant to attend a refresher course.

BLS training requirements for healthcare professionals
vary significantly among countries. Some national organiz-
ations, such as the Irish Heart Foundation and the
Resuscitation Council of Southern Africa, require formal
BLS certification as an entry requirement for advanced life
support training (ACLS or pediatric advanced life support,
PALS), whereas others, such as the American Heart
Association, require only a brief “demonstration of profi-
ciency” in BLS skills at the start of an ALS course. In the UK,
hospitals employ dedicated “Resuscitation Officers,” who

are responsible for the ongoing training and competency of
their healthcare professional and auxiliary staff members.
Unfortunately, many hospitals do not require their staff to
maintain or demonstrate their BLS skills, and many do not
provide formal in-service BLS training.

The training of healthcare providers should be tailored to
their professional work environment. Performing CPR in
the outdoors in all weather, or indoors in limited space
hampered by bulky furniture and poor lighting is quite
different from performing CPR on a patient lying on an
elevated hospital bed, surrounded by monitors and adjunc-
tive equipment. Healthcare professionals must? should? be
proficient in performing CPR in a variety of roles: as a single
rescuer, as a team member, and as a team leader.

The educational background and personal experiences
and responsibilities of doctors, nurses, and ambulance per-
sonnel differ significantly. During BLS training, paramedics
employed by a busy emergency service or staff based in a
large emergency department may demonstrate greater
confidence than personnel working in an out-patient or
small community facility. Trainers and facilitators (should
be aware that) participants may feel intimidated or humili-
ated by their more confident colleagues. Similarly, sensitiv-
ities among different professions, such as the participation
of doctors and nurses in the same class, may lead to with-
drawal or inhibited behaviour. It takes a skilled educator to
maintain a non-threatening and relaxed atmosphere for all
participants.

BLS course format, content, and style should be tailored
to specific groups of healthcare providers, but core objec-
tives, cognitive and psychomotor skill acquisition should
remain constant. The use of computer and video self-
instruction is increasing, and may be useful, provided that
practical competence is evaluated. Peer instruction (e.g.,
doctor-to-doctor or nurse-to-nurse) may improve accep-
tance of BLS training in some environments. Course design
and implementation should be based on validated educa-
tional principles.57,75–78

BLS training should include skills and equipment that
the healthcare professional would generally use or have
available, including adjunctive equipment such as barrier
devices, pocket masks, self-inflating bags, and proficiency
in the use of automated external defibrillators (AEDs).
Role-plays should involve single and multiple-rescuer set-
tings, with and without adjunctive equipment, and include
a variety of special resuscitation situations such as trauma,
submersion, and pregnancy. Use of realistic scenarios
enhances contextual learning, relevance, and retention
when the scenarios are simple in design.

All healthcare providers, undergraduate and post-
graduate, should be able to demonstrate practical compe-
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tence in the skills of BLS. Refresher programs that evaluate
only knowledge retention do not ensure practical ability.
Regular re-evaluation of competency is required to asses
and reinforce the knowledge and skill retention of health-
care professionals, which have been shown to deteriorate
within a few months of initial training.79

Advanced life support
As with BLS, knowledge and skill retention after advanced
life support (ALS) training is poor.33,38,80–85 Nevertheless,
ALS training has been shown to improve clinical out-
comes.86 A study of anesthetists’ management of VF in the
operating room showed that ALS training led to signifi-
cantly better adherence to resuscitation protocols.87 Before
formal ALS training had commenced, the BRESUS study
reported overall survival to hospital discharge at 21% for
patients requiring defibrillation.88 At the time of the UK
national audit of 1997, when more than 50,000 people had
been trained in ALS skills, survival to discharge had
increased to 43% for patients requiring defibrillation.89

Training programs in ALS skills are well established in
many countries.90 Initially these courses were didactic
and lecture-based but, more recently, the emphasis has
changed to hands-on, role-playing, and scenario-based
learning. Many courses provide combined training of BLS
and ALS skills in which CPR is integrated with defibrillation
and the use of AEDs.

There are significant international differences in the
approaches to teaching advanced skills, ranging from large
group lectures to small group skill stations, open and
closed group discussions, workshops, tutorials, role-plays,
video presentations, and multidisciplinary teamwork
training in mock arrest situations (“mega-codes”).

Large-group lecture-based teaching is relatively ineffec-
tive in changing practice and behavior. Small-group training
has many advantages, being more interactive, more per-
sonal, and more hands-on, but it is also more time-
consuming and instructor-intensive. The optimal size of
small groups will depend on the skill being taught, but
groups should generally comprise four to eight participants.

Scenario-based teaching allows for useful repetition of
sequences and variations on themes, but requires thought-
ful preparation, planning and supervision. Although this
approach is time-consuming, the value of realism and rel-
evance for healthcare professionals should not be under-
estimated.

Compared with instructor-directed training, high-
fidelity simulation-directed instruction has the advantage
of less personal interaction with the instructor and more
with the “patient,” providing accurate and relevant situa-
tions, real-time physiological measurements which add to

the realism, and training that can be adapted to individual
participant needs.91–94 The value of sophisticated simula-
tion is well recognized in aviation and military training
programs, although the high cost and time required for this
training may well restrict its utility.

Most ALS courses worldwide conclude with written and
practical evaluations. An interesting innovation, exten-
sively used by the Resuscitation Council of Southern
Africa, is to start each course with the final written evalua-
tion. If candidates fail to achieve 84% for the written test at
the start, they may reattempt the test at the end of the
course. This method has several educational benefits.
• Instructors know who the weak participants are, and can

provide extra attention right from the start. Similarly,
instructors immediately know who the knowledgable
candidates are, and can ask them more challenging
questions, while the weaker participants are given less
challenging questions and tasks, building up their confi-
dence as the course progresses.

• The more advanced candidates can be asked to help
weaker participants where appropriate, allowing weaker
participants to ask questions and read about their uncer-
tainties before the course is completed.

• All those who have passed the test can relax and concen-
trate on the practical side of the course, knowing that
there is no “threat” of a further written test, while those
who have failed tend to listen particularly attentively.

• The course does not end in a negative environment
(waiting to be tested, waiting for results, wondering if
they have passed, upset if they failed, walking out “tail
between legs”).

In a survey of 3530 participants undertaking PALS
Provider courses over a 3-year period (June 2002 to May
2005) at an AHA Training Centre in Johannesburg, South
Africa, only 51 participants (1.4%) achieved an initial
score of less than 84% on the PALS “final” written evalua-
tion when the evaluation was written at the start of the
PALS course. Before starting the course, none of the par-
ticipants were given, or had access to, any preparatory
written evaluations besides the prescribed AHA PALS
Provider Manual.95

Summary
While healthcare professionals are a natural target audi-
ence for BLS and ALS training, course planning for these
individuals must be as carefully thought out and organized
as it is for the general public and lay responders. Many of
the same issues should be addressed: making appropriate
courses available, meeting the specific educational needs
of the individual learner, and establishing a mechanism to
encourage retention of skills.
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Simulation in CPR training

Simulation is the use of an artificial environment to mimic
appearances and/or behaviours encountered in real life.
Simulators and simulation have been used in health care
education, if only sporadically, for almost two decades. In
acute medicine, most notably in resuscitation and anes-
thesiology, full-scale simulators (macrosimulators) have
been used for many years for problem-based training
and education.91,96–103 Full-scale simulators contribute
verisimilitude and standardization to megacode (practice
resuscitation) cases, and are also valuable tools for team
training, management of crew resources, leadership, and
communication.93,104–106 Smaller scale simulators that run
on a personal computer (microsimulators) have extended
simulation into a wide variety of problem-based learning
areas, and have been successfully sharpened the partici-
pants’ diagnostic acumen and skills.107

Strengths and weaknesses of current simulators

Simulators are either macrosimulators or microsim-
ulators, and each of these can be classified as either
simple or complex.108 Macrosimulators have a physical
component, usually a manikin or a part thereof, whereas
microsimulators are purely computer-based. Simulators
are classified as “simple” or “part-task simulators” if they
teach simple algorithms or procedures, involving
only a few aspects of a problem. Complex simulators
target more complex issues that integrate several aspects
of a problem. Note that the classification “simple” or
“complex” refers to the complexity of the educational
task, and not to the technical complexity of the simulator.
There are several technically complex, but educationally
simple, macro- and microsimulators. (These four
types of simulators have characteristic advantages and
disadvantages) 

Macrosimulators

Simple macrosimulators range from advanced virtual
reality simulators with haptic “force” feedback* for various
endoscopic procedures (available from Immersion
Medical, Simbionix, Medical Simulation Corporation and
others),109,110 through advanced manikins for difficult
airway management (Laerdal AirMan™), to mechanical
manikins for the training of chest compression and

ventilation (e.g., Ambu® Man or Laerdal™ Resusci®Anne, or
the inflatable Laerdal MiniAnne 

Complex macrosimulators are typically used for anesthe-
sia and for resuscitation training. This category of
macrosimulators includes the “Megacode” simulators for
Advanced Life Support training (e.g., Ambu Megacode or
Laerdal HeartSim 4000) to more complex simulators for
trauma and anesthesia/intensive care simulation. (e.g., Meti
Human Patient Simulator™ or Laerdal SimMan™). They
combine an advanced manikin with a PC or workstation.
The manikins simulate palpable pulses, electrocardiograms,
spontaneous breathing, airways that can be configured
electromechanically to mimic airway problems, and many
other clinically relevant responses. In some of the simula-
tors, computer models are used to simulate human physiol-
ogy/pathophysiology and pharmacokinetics/dynamics, but
an operator is required to run the simulator, and several
trained participants are needed to complete the elements of
a realistic scenario. The main differences between the
various macrosimulators are the number of mechanical fea-
tures in the manikins and differing approaches to the
simulation software. Whereas METI is based on physiologi-
cal models, with particular emphasis on the correct
physiological response, the Laerdal SimMan™ models focus
on supporting the instructor in running a specific patho-
physiological scenario.

Macrosimulators provide the learner with an opportu-
nity to perform manual procedures with or without
complex problem-solving activity. They are used for train-
ing in specific psychomotor procedures, such as difficult
airway management (including intubation, cricoid pres-
sure, tracheotomy, suction and others), insertion of IV lines
and chest drains, chest compression and ventilation,
defibrillation, drug administration, palpation of pulses
and auscultation. Macrosimulators can also reproduce
complex situations where several team members have to
cooperate to solve the problem. Complex simulators offer
a reproducible opportunity for teaching behavioral and
interpersonal aspects of performance. They are typically
operated by instructors who run both the scenarios and
the subsequent debriefing.

Microsimulators

Microsimulators (which run on personal computers
and are also called PC simulators) support autonomous,
cognitive training. They differ fundamentally from

* Roughly speaking, haptics and force feedback are distinct in the use of what is essentially the same technology. A haptic device applies a force in

such a way as to allow the user to discern geometry and texture. A force feedback device applies a force to a user holding it, representing the sen-

sation of impact and vibration.
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Office of review management (cont.)
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macrosimulators in that they do not have a physical
component and do not require an operator to run the
simulations and to provide educational feedback.

Microsimulators have the clear advantage over
macrosimulators of accessibility, as most people have a PC
either at work or at home. The programs are relatively
inexpensive (US $80–280 for single-user licenses) and can
be used informally. Whereas microsimulators cannot
address issues at quite the same level of complexity as
macrosimulators can, and they cannot train in crew
resource management, leadership, or communication,
microsimulators can be used to provide systematic learn-
ing and practice of a wide range of cognitive issues and
problem-solving strategies in many different clinical
circumstances. For example, trainees can use simple
microsimulators, such as KinView Opioids or GasMan,
to experiment with the pharmacokinetics and pharmaco-
dynamics of drugs, or complex microsimulators to run
scenarios.

Because microsimulators systematically provide multi-
ple feedback opportunities (high quantity and focus of
training) and, since they are easier to access than
macrosimulators, they may train the user at a higher level
of cognitive complexity than would be achieved with
macrosimulator training. It must be emphasized, however,
that whereas microsimulation can confidently be used to
develop knowledge and problem-solving strategies, it
cannot provide practice in manual skills or active role-
playing. Moreover, the stress of real-life situations cannot
be reproduced in microsimulations.

The ideal complex microsimulator provides credible
simulations, followed by intelligent, context-specific eval-
uation of the user’s decision-making during a simulation.
Simulation training comes close to the educational princi-
ple of “practise by doing” in that well-made simulators give
the user a feeling of actively solving the problem. Other
training techniques, even if they involve the use of a PC,
should not be confused with simulation. Multimedia pro-
grams, video teaching, lectures, and printed text tend to
stimulate passive acquisition of knowledge and are pri-
marily based on one-way communication of knowledge
from the source to the user. The two approaches differ fun-
damentally in the extent to which the user is involved in the
problem solving.

Applied microsimulation

Although the idea of algorithm training on computers is
not new, few microsimulators are available for training in
advanced life support in anesthesia, intensive care, or
emergency medicine either for education of professionals

or in basic life support for lay people. A few early
microsimulators for anesthesia simulation were made
during the late 1980s and 1990s. The ResusSim 98 project
was the first to combine advanced PC simulation with
elaborate feedback technology.106 This approach were
endorsed by several international authorities, including
the European Resuscitation Council, the Australian
Resuscitation Council, and the Resuscitation Council of
Southern Africa. In 2003, the American Heart Association
adopted microsimulation as the basis for their self-
directed learning ACLS programme, HeartCode ACLS
Anywhere. Successful completion of this programme,
including a skills test, qualifies users for renewal of their
AHA ACLS provider card (the user interface from
HeartCode ACLS Anywhere appears in Fig. 70.4). Since
2000, Red Cross national societies in a number of
European countries have used microsimulation as a tool
for first aid education. (The user interface from the British
Red Cross first aid simulator appears in Fig. 70.3.)

Feedback and debriefing in medical simulation

Macrosimulation and microsimulation differ significantly
when it comes to debriefing – the heart of all simulation. In
complex full-scale macrosimulation, the participants are
typically debriefed by the instructor who has been guiding
the scenario, using video and/or printed recordings of the
sessions. The major challenge lies in enabling instructors
to use a wide range of skills in interpersonal and educa-
tional, as well as medical, areas. In microsimulation, the
major challenge is to achieve reliable, autonomous perfor-
mance by the software.

In simple microsimulation, standardized feedback is
generated by subtracting the actual performance from a
given set of recommendations, producing a banal “error
signal.” In a more complex microsimulation, focused feed-
back would optimally evaluate the learner and analyze the
entire performance, with reference to timeliness, sequenc-
ing, and appropriateness of actions, and indicating
whether variances were minor or significant. Focused
feedback should assist the trainee in improving subse-
quent performance.

The technical difficulties in autonomously evaluating
individual performance are significant, however. The user
often addresses more than one issue concurrently. For
example, advanced airway management may be per-
formed concurrently with a specific algorithm for a cardiac
condition. Simultaneous approaches present a problem in
evaluation, as the user does not clearly mark which action
belongs to which strategy. Moreover, several actions may
be relevant, but not crucial, to solving the problem, further
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complicating the debriefing. Optimal feedback technology
distinguishes between important and less important
actions and mistakes.

In the MicroSim programs (AHA’s Heartcode is based on
MicroSim), a debriefing technology – artificial intelligence
debriefing (AID) – has been used. On the basis of modern
research in pattern recognition and educational theory, AID
has become an umbrella name for a range of technologies
aimed at intelligent debriefing. It is capable, for instance, of
detecting different algorithms mixed in a sequence of
actions and can assign weight to actions and mistakes. AID
can provide feedback on parts of the treatment (e.g., the
cardiac treatment algorithm) without being “disturbed” by
other actions performed in tandem. The feedback can be
presented either in different visual formats or in text.

The relatively low reliance on microsimulators as a train-
ing technology may be due to current limitations in feed-
back technology. As technologies like AID develop and
improve, more advanced and relevant microcomputers
may play a greater part in resuscitation training

Summary

Simulation provides a uniquely safe and standardized, yet
realistic, setting for research into human error. Many of the

breaches in protocol made during clinical care result from
the practitioner’s doubts about which algorithms to follow,
errors in drug dosage, and faulty clinical reasoning,111 and
most of these gaps in knowledge and logic can be identified
and addressed by the use of simulators.

Simulation achieves interaction with a variety of critical
scenarios quickly and allows rare, but time-critical, condi-
tions to be practised and re-played by the user.112

Simulation should always include a debriefing based on
what the learner does during the simulation, to give instant
feedback and highlight deficiencies in knowledge.
Simulators can also evaluate the knowledge and perfor-
mance of healthcare personnel, thus completing the edu-
cational feedback loop and improving the quality of the
education.

CPR course development

Educational research and development/quality
assurance model

The following educational R&D/QA model, is based on
science-based educational curriculum development,
instructional design, and related learning theories (See

Fig. 70.3. In a number of countries, the Red Cross has used microsimulation for first aid education. This

example is the Learn First Aid simulator used by British Red Cross.
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Fig. 70.1).113–117 The model described in this section is
analogous to the US Food and Drug Administration (FDA)
process of drug development and testing to determine if a
drug is “safe and effective” before approving its entry into
the market (see Fig. 70.2). It is a logical model to use for the
development of BLS and ACLS programs (and redevelop-
ment/improvement of existing programs) for both
providers and instructors. In contrast to many current
programs that focus on what the instructor must teach,
the design of educational R&D is focused on an in-depth
understanding of the target audience and how best to help
the audience to achieve specific outcomes related to
patient survival.

The model is designed to be used to develop provider and
instructor programs. With each program, learner audiences
will have different instructional needs and learning styles,
and will require unique programs tailored to their specific
needs. For example, in BLS or AED training there may be
separate R&D processes for school students by age group-

ing, adults by age, paraprofessional providers by level of
training and exposure to cardiac emergencies, and profes-
sional providers by specialty and exposure to cardiac emer-
gencies. There may also be different instructor materials
(and programs) for different BLS or AED instructor audi-
ences, such as teachers, EMS providers who are not creden-
tialed teachers, and community volunteers with no formal
training as teachers. The R&D model inventories the learn-
ing needs of providers and instructors early in the process.

Programs developed with this model focus on learner
competence immediately following training, at a later
date, and in actual (or realistically simulated) situations.
Ideally, to show full compliance with a training organiza-
tion’s mission, training of significant populations should
lead to decreased rates of morbidity and mortality. The
model is iterative and linear, with completion of one step
before the next; however, it allows for parallel development
tracks (e.g., provider level program, testing/evaluation,
and instructor program).

Fig. 70.4. Heartcode ACLS interface.



Attention to learner outcomes ensures establishment of
the first link of the overall public health objectives of BLS
and ALS programs (producing competent providers).
Positive learner outcomes may not necessarily coincide
with traditional indicators of program success, such as the
satisfaction of end-users, clients, and instructors. This
model ensures that programs meet the learning needs of
the participant population. Mismatch of the learner needs
and program design occur for a variety of reasons, includ-
ing repackaging of programs designed for one audience for
another (or other) audiences, and development of one
program for more than one target-specific audience.
Although the use of programs that attempt to meet the
needs of multiple audiences with different learning needs
may seem efficient, it can seriously undermine program
effectiveness.

A scientifically sound development process for all edu-
cational programs (providers and instructors) would
proceed as follows.

Select R&D team

Because this is an educational development process,
the team should primarily comprise education specialists.
The team would typically include a project manager, as
well as specialists in education research and evaluation,
curriculum development, instructional design, media
design, learning theory, program evaluation, and public
health.

If medical practice guidelines are already established,
medical personnel generally should serve as outside
consultants as necessary. If development of medical
practice guidelines is required, this is not a direct educa-
tion R&D process and should be completed as a separate
process. In developing medical guidelines, education
experts should serve as consultants to the medical guide-
lines committee in order to determine the feasibility of
teaching (the “teachability”) of various practices for spe-
cific target audiences, both professional and lay.

Discussion
The most important and fundamental change to the
current process of program development, which will
result in the greatest improvement in quality of programs,
will be to assign the development of components of the
educational agenda to appropriate experts. Educational
research and development is a specialized field dedicated
to development and delivery of educational interven-
tions that bring about specific learner outcomes. In the
cases of BLS and ALS, these specific learner outcomes are
directly related to provider behaviors that are associated

with saving human lives. The specialty of educational
research and development, like specialties in medicine,
can only be properly executed by properly trained
experts.

Each training organization’s BLS and ACLS committee
should be made up of two separate committees with differ-
ent responsibilities and expertise: medical and educa-
tional. These are essentially separate teams with separate
missions While initial recommendations for changes in
medical or educational program development could be
generated from either subcommittee, substantive educa-
tional recommendations should be formulated only by
experts in education. Homogeneous groupings (for
example, committees made up of medical scientists, cur-
riculum experts, representatives of the training network,
and so on) are inefficient and reduce the quality of any
program because they place committee members in a
position of influencing work beyond their own expertise.

Conduct a needs assessment and establish the
instructional goal

A needs assessment is a critical first step for every program
and every major target audience. It documents the need for
the program, potential benefits, and probability for
success. Then, learning characteristics of the target audi-
ence must be ascertained, as well as their existing knowl-
edge and skill sets.

Relevant public health statistics and literature are exam-
ined, as well as the success of similar or existing programs,
and public health cost-effectiveness, consistent with the
mission statement of the training organization (e.g., will
AED training or traditional CPR training save more lives?).
The process includes identification of a public health
problem, specific target audiences that can intercede, and
possible programmatic solutions.

The needs assessment is the product of a dynamic
process, which begins with discussions and debate by
advocates (and also dissenters), followed by several writing
and discussion sessions to work towards consensus on the
feasibility and justification for moving forward; in other
words, the information required to make a “go/no go” deci-
sion. If a “go” decision to continue is made, the program’s
Instructional Goal is outlined. The Instructional Goal is the
R&D team’s collaborative opinion of what the program will
actually accomplish – that is, in general terms what the
target audience will be expected to do following exposure to
the training program. A question generally asked is “Is the
instructional goal feasible for the target audience, and to
what extent?” This is answered as part of the target audi-
ence analysis.
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Conduct a target audience analysis

With the identification of the target audience(s) for the
program, the R&D team conducts the in-depth social and
learning analysis of the audience. This comprehensive
analysis may first study whether or not, or to what extent,
members of the target audience are aware of the problem,
their perceptions, as well as their potential role in address-
ing the problem, including their perceptions of participat-
ing in such a role, and their motivations for participating in
the program. The learning characteristics of the target
audiences must be ascertained (e.g., typical methods for
self-learning), as well as their existing knowledge and skill
sets. This step generally uses several methods including:
review of education and psychosocial literature, focus
groups, field and case studies, and review of effective edu-
cational programs for similar target audiences. The find-
ings of the target audience analysis may also conclude with
a “no-go” decision.

Discussion
The target audience analysis is a critical step and is often
omitted, directly contributing to inaccurate assumptions
about the target audience, and subsequent selection of
inappropriate instructional strategies and materials, all
contributing to poor learner outcomes.

Many public health papers have been written justifying
the need for BLS and ALS in the general population, and
suggesting a segment of the population to intercede. For
example, public health analyses have suggested that
spouses (and other family members) of heart disease
patients be taught CPR, because of their obvious likely
proximity to these patients if they experience a heart attack
or a cardiac arrest. Thus far, however, this strategy remains
problematic. The Needs Assessment and Target Audience
Analysis are important because they go a step farther by
examining the feasibility of utilizing particular audiences
to intercede. In order to prioritize options for addressing a
public health problem, definitive statements on the ratio-
nale for selecting a specific audience, balanced against
threats to success, are necessary.

What happens if the Educational Needs Assessment
determines that an educational intervention is not fea-
sible or advantageous (e.g., no additional lives will be
saved) leading to a “no-go” decision, but the Market
Research leads to “go” decision? There are the following
possibilities.
• The process is stopped at this phase, or
• An alternative program using a different target audience

or technology as a substitute for the target audience is
used (e.g., implantable defibrillators), or

• Because the training organization may need revenues to
support other programs, the program may proceed
(regardless of the program’s utility in saving lives).

Develop learning objectives and evaluation
instruments

With knowledge of the target audience’s characteristics
and abilities, the R&D team determines the competencies
needed by learners to achieve the program goals efficiently
and effectively. The R&D team translates these goals into
precise observable learning objectives for the program,
and they are also the basis for the development of assess-
ment tools.

The instructional goals are converted into behavioral
objectives, and the skills derived from analysis of the
instructional goals above are converted into subordinate
objectives. The objectives guide the R&D team in the
design and development of instruction, especially with
selecting content and developing the instructional strate-
gies. Specific, finite, behavioral objectives are formulated
from knowledge and understanding of the target audi-
ence’s learning characteristics and abilities. Requisite entry
characteristics and behaviors are also developed (i.e., what
competencies participants must already possess before
entry into the program).

These learning objectives are also used to construct
measures of the learner’s accomplishment of the task.
Development of assessment tools (e.g., written tests, skill
assessments) generally begin at this point and should
be performed as a separate and concurrent process by a
team of educators with expertise in evaluation. Initially, the
assessment tools are tested without participant involve-
ment (e.g., content validity, reading level, expert review),
and are “piloted” using subjects with a broad range of the
included abilities from novice to expert. Then, like the
program itself, the tools are further developed and modi-
fied depending on the results of pilot testing, either inde-
pendently or as part of the pilot testing of the overall
program.

The valid and reliable assessment tools serve two pur-
poses: assessment of individual participants during the
program and of overall program effectiveness. During the
formative stage of program development (i.e., during pilot
testing), assessment tools are necessary for providing
information about the effectiveness of the instruction (See
Step 7, Pilot test program and revise instructional materi-
als). Pretesting of knowledge and experience as entry cri-
teria is important in many programs (in particular,
instructor training and advanced classes such as ACLS) to
assure that all learners have basic qualifications and



understanding to participate effectively and efficiently in
the program and achieve the desired learner outcomes.

Discussion
Learning objectives are the driving force for curriculum
development, instructional design, and valid and reliable
testing. Historically, developers have not completely rec-
ognized the purpose and importance of learning objec-
tives and have assigned this task a low priority to be
completed later in the process by a backwards-type logic
(i.e., reasoning from the content of the program what the
objectives might be), contributing to poor educational
programs and poor assessment tools.

Well articulated learning objectives are the key to devel-
opment of valid tests and measures. Good measures
require adequate time for construction. With completion
of the learning objectives, test development should begin.
Often, test construction is delayed while the precise
wordings of final provider materials are awaited. Such
delays are not justified, because the structure and content
of the test items themselves can be derived from the
objectives alone, while wording changes can be made at
any point in the process to reflect ongoing development
of other materials.

Develop instructional outline (instructional script)
The learning objectives are organized into a logical pre-
sentation sequence specifically designed for the target
audience. The instructional outline is based on the target
audience’s experience relative to the subject matter, their
learning abilities and motivation, and the required compe-
tencies. The instructional outline or script becomes the
basic foundation map and script for the program and will
be enhanced as other components of the program are
developed. The instructional script will also serve a key role
in the development of instructor materials.

Select and develop instructional strategies and
materials

With the detailed knowledge of the target audience, the
specification of learning objectives, and an instructional
outline, the R&D team can select and develop instructional
strategies and materials. The most appropriate strategies
are determined for accomplishing each objective. An
instructional strategy is a method or set of methods used to
assist a specific target learner audience master a learning
objective.

Once the strategy is selected (or conceived), the material
(or media) that will best communicate the specific strategy
is selected (e.g., video, e-learning, book, instructor, among

others). For example, if a visual model is selected as an
instructional strategy, specifications for the visual model
are first developed, followed by selection of the appropri-
ate material to communicate the instructional strategy to
the target learners (e.g., video, instructor demonstration,
CD-ROM/DVD, slides, e-learning, interactive simulation,
or a combination of materials).

To assist the instructional designer in understanding all
the information and concepts that must be communi-
cated through the instructional strategy and materials,
traditional developers often begin by producing a self-
instructional prototype of the program for themselves.
According to Dick and Carey, this activity of putting
oneself in the position of the learner forces the instruc-
tional designer to confront all the elements of the program
that the student must face in mastering the program
objectives.113 When using the self-instructional prototype,
the materials alone should permit the participant to
acquire the competencies without intervention from an
instructor. Once the detailed self-instructional materials
are completed, other types of instructional media, specific
to the instructional strategies, are considered.

Depending on the types and scope of instructional
materials selected, several teams may be needed to com-
plete the development of the instructional materials. Each
team needs specific expertise in the (1) type of instruc-
tional material (e.g., book or video), (2) content, and (3)
specific audience.

Discussion
Selection of instructional strategies as well as instructional
materials (media) before fully addressing Steps 1–3 has
historically contributed to program development and
delivery problems and failures.

The traditional practice of including the instructor as
part of the instructional strategy before consideration of
other instructional strategies is often used to fill gaps in the
materials; this may lead to incoherent program presenta-
tion and confusion. This practice allows the designer to
avoid having to confront all the learner’s challenges, which
leads to an incomplete understanding and articulation of
the instructional information and strategies, and under-
mines learning and efforts to control program quality. At
the least, in the case of materials developed for a lay audi-
ence, research has shown that when considerable latitude
is given to instructors, on the theory that they can best
tailor the course to the learners, learner outcomes may be
less successful. Well-trained educators may have this
ability to adapt to learner needs, but the BLS and ALS
instructor corps is largely made up of individuals without
the appropriate background to do this.
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Pilot test program (formative evaluation) and revise
instructional materials

Instructional strategies and materials cannot be developed
in a vacuum; it is only when materials are tested with learn-
ers that informed revisions can be made. The process of
pilot testing and revision is ongoing and iterative (i.e., each
pilot test brings the R&D team a step closer to an effective
instructional program).

Pilot testing takes place at various stages of the ongoing
development of instructional materials, often on a small
scale with “mini-pilots” involving a few small convenient
samples. Revisions are also ongoing, based on the findings
of the pilot testing. During initial development of strategies
and materials, small numbers of representative learners
are asked to respond to sections or components of verbal
(written and/or spoken) and visual materials. Findings
from pilot tests are used to make decisions, such as
program duration, class size, or the need for instructional
supplies or equipment. Meaningful data are therefore used
to make these decisions versus the tradition of arbitrary
decision making.

Before pilot testing, the educational interventions are
untested and therefore may be limited in their ability to
bring about the expected learning behaviors (e.g., compe-
tent CPR performance) because the interventions are
based primarily on expert opinion and conjecture and not
on actual in-class evaluations with the target audiences.
Pilot testing typically identifies communications and other
instructional problems, and major modifications are often
necessary. This trial and error iterative approach is key to
the model and can contribute to the success of the final
program. Time must be built into the development process
for repeated trials and complete redrafting of the program,
or sections, if necessary.

Qualitative methods used during pilot testing include
videotaping and/or detailed observation of the pilot
program, and interviews with all participants, including
instructors, if applicable. Prototype learner outcome mea-
sures (i.e., assessment tools) are used to determine the
extent to which learners are mastering behavioral objec-
tives. In this way, the assessment tools themselves may also
be piloted and revised.

Once a prototype instructional program is completed,
more formal larger scale formative and summative eva-
luation, in as realistic a setting as possible, is performed,
with learner outcomes as the primary measure of program
success. Learner and instructor behaviors are still observed
during the final phase of pilot testing. Instructional strate-
gies and materials are modified in accordance with the

results of pilot tests and are retested until the course
participants master the learning objectives and related
competencies.

Discussion
It is during pilot testing that the education developers
determine how long it takes participants to master the
objectives (i.e., determine program duration). Traditionally,
pilot testing has been used to determine how long it takes
the instructors to present the material, with lesser regard
for how long it actually takes participants to master the
objectives. Course length has most often been an arbitrary
computation based on course administrative constraints,
such as cost or consumer expectations.

External regulations often cause instructional developers
to tailor programs to a specific length of time. In such cases,
learner competence (i.e., learner outcome) must drive
decisions concerning number of course objectives that can
realistically be accomplished by learners. Only objectives
that can be successfully accomplished within the man-
dated time frame should be part of the program.

Field test program and modify if necessary

After completion of pilot testing, the program is ready for
field-testing (i.e., implementing the program on a limited
scale but simulating a full roll-out). The program is tested
as it would be delivered in the field.

In a field test setting, as opposed to a pilot test, the deliv-
ery simulates program roll-out and uses realistic materials;
real-world instructors and participants are involved, who
may be unaware that the product is not finalized. This step
of product testing is typically focused on the testing of
program delivery, rather than the instructional materials
(i.e., what happens when the program reaches the end
user). Field testing may uncover the need to change some
aspects of the instructional system, such as with non-
compliance of instructors. It may also indicate that the
user audience does not match the intended target audi-
ence. Possible program revisions range from small modifi-
cations to comprehensive changes in program design and
delivery.

Roll-out program

Following field testing, the program is disseminated to and
implemented in the broader target population. Ideally,
field testing activities continue throughout the roll-out and
implementation of the program.
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Establish and implement quality assurance monitoring
team and system

The quality assurance monitoring team evaluates the
program throughout its life cycle. Their findings, in part,
guide the development of the next version of the program,
and may inform the development of other BLS and ALS
programs. The findings also inform online (i.e., immedi-
ate) revisions to the program, if needed.

Quality assurance is a dynamic, ongoing process of
monitoring learner outcomes, retention, and field per-
formance after program release, in which findings are
used to inform revisions of existing programs and/or the
development of new programs. The quality assurance
monitoring team is a permanent group composed of
experts in education and evaluation who design and
monitor the QA system and work with the training org-
anization’s field staff and outside evaluators to provide
regular evaluation of existing programs. The QA team may
become involved with the program during field-testing.
The team monitors the progress of the program through
its life cycle.

Figure 70.1 presents the cycle of program R&D and QA.
Data related to learner outcomes are collected at different
time points after instruction, and findings are fed back to
the R&D team to inform course revisions.

Monitoring of ongoing courses includes collecting
objective, quantitative data, as well as qualitative feedback
about the programs, often using the valid and reliable
assessment instruments developed earlier by the R&D
assessment team. Quantitative data are collected regard-
ing learner outcomes (e.g., skill competencies). Qualitative
data can include feedback collected from focus groups and
systematic observations of programs. Programs sampled
should represent a variety of geographic locales and typical
target audiences.

A centralized system for collecting and analyzing data
from evaluations should be developed. A reliable feed-
back mechanism (e.g., reporting of findings) should be
in place so that the products of ongoing evaluation are
fed back to the R&D group for continual program
improvement.

Discussion
Early selection and involvement of the QA team, ideally
during the R&D steps, permits QA team members to
become familiar with the program and assessment tools
and to pilot test aspects of the QA system (e.g., data man-
agement, analysis and feedback (to R&D).
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Introduction

Clinical guidelines are defined by the Institute of Medicine in
the United States as“systematically developed statements to
assist practitioner and patient decisions about appropriate
health care for specific clinical circumstances.”1 The main
objective of guidelines is to improve the quality of care
received by patients by closing the gap between what clini-
cians do and what scientific evidence supports. Guidelines
provide a point of reference for auditing performance of clin-
icians or hospitals and may improve effectiveness and effi-
ciency. The development of guidelines requires appropriate
resources: expert clinicians, group process leaders, and
financial support.2 All these statements refer to guideline
development in general, but they are particularly relevant to
the development of resuscitation guidelines that have
existed for at least 40 years. The steps involved in the process
for developing evidence-based guidelines have been out-
lined by the Grades of Recommendation Assessment,
Development and Evaluation (GRADE) Working Group
(Table 71.1).3

This chapter will review the history of consensus devel-
opment in resuscitation, the role of the International
Liaison Committee on Resuscitation (ILCOR), the process
involved in undertaking a systematic review of resuscita-
tion science, and the writing of clinical guidelines based on
a consensus of the science.

The history of international CPR consensus and
guideline development

The modern approach to cardiopulmonary resuscitation
(CPR) was described in the late 1950s and early 1960s.

Although this was undoubtedly the birth of CPR, it was
immediately realized that the challenge was to spread the
word and educate healthcare workers and laypeople
throughout the world. This same challenge faces us today
whenever CPR guidelines are modified and updated.

One of the earliest “consensus” decisions on CPR was to
agree on the terminology for this new technique (extensive
discussions on terminology in resuscitation continue
today). The term “cardiopulmonary resuscitation” and the
abbreviation “CPR” were proposed first by the American
Heart Association (AHA) Ad Hoc Committee on Closed
Chest Cardiac Resuscitation in February 1962.4 Initially,
after considerable debate and concern about the risks, the
AHA recommended that only doctors should be trained in
CPR. It was recommended for rescue groups in April 1962.

In 1966 the National Academy of Sciences’ National
Research Council convened 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.5

International awareness was enhanced in the following
year, when an International Symposium on Emergency
Resuscitation was held in Oslo, Norway; recommendations
from this conference were published in 1968.6 The
American Heart Association sponsored subsequent con-
ferences in 1973 and 1979.7,8 Parallel efforts occurred inter-
nationally as other resuscitation organizations faced a
growing demand for CPR training.9,10 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 tech-

Cardiac Arrest: The Science and Practice of Resuscitation Medicine. 2nd edn., ed. Norman Paradis, Henry Halperin, Karl Kern, Volker Wenzel, Douglas

Chamberlain. Published by Cambridge University Press. © Cambridge University Press, 2007.
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standardized terminology in reports relating to adult out-
of-hospital cardiac arrest. This was the first major collabo-
rative venture involving resuscitation councils from around
the world. A follow-up meeting was held in December 1990
in Surrey, England, where the decision was made to adopt
the term “Utstein-style” for the uniform reporting of data
from out-of-hospital cardiac arrests.12 Many other ‘Utstein-
style’ international consensus statements have been pub-
lished over the last 15 years, including the uniform
reporting of pediatric advanced life support,13 laboratory
CPR research,14 in-hospital resuscitation,15 neonatal life
support,16 drowning,17 and CPR registers.18

The Fifth National Conference on CPR and ECC was held
in Dallas, Texas, USA in 1992. More than 40% of the partici-
pants were from outside the United States, representing 25
countries and 53 international organizations.19,20 Three
international issues were addressed: the desirability of
international support for countries to develop effective
ECC; the creation of a permanent infrastructure for inter-
national cooperation; the desirability of common interna-
tional guidelines and an international conference on CPR
and ECC. An international CPR and ECC panel discussion,
cochaired by Richard Cummins and Douglas Chamberlain,
endorsed the need for international cooperation. This
would have several advantages: the world’s leading experts
would achieve constructive communication and coopera-
tion; advice for guidelines would be less likely to be domi-
nated by tradition or peer pressure; guidelines generated in
this way would be accepted widely within existing organi-
zations; similar or identical guidelines would be produced
by different groups and the potential would exist for even-
tual universal guidelines.

The International Liaison Committee on
Resuscitation (ILCOR)

The first international conference held by the ERC took
place in Brighton, England in 1992. At the end of the con-
ference, representatives from the guidelines-producing
organizations (AHA, ERC, HSFC, ARC, and the Resuscita-
tion Council of Southern Africa (RCSA)) held the first
meeting of the International Liaison Committee.20

The founding cochairs of this organization were Douglas
Chamberlain and Richard Cummins. At its second
meeting, held in 1993 in Vienna, Austria, the International
Liaison Committee adopted a formal mission statement:

To provide a consensus mechanism by which the international

science and knowledge relevant to emergency cardiac care can be

identified and reviewed. This consensus mechanism will be used to

provide consistent international guidelines on emergency cardiac
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niques. With this in mind, in 1985, the AHA invited resusci-
tation leaders from many countries to observe its review of
standards and guidelines for CPR and emergency cardio-
vascular care (ECC).11 By all accounts, the international
guests played a very active role in the discussions!10

In June 1990, representatives from the AHA, European
Resuscitation Council (ERC), Heart and Stroke Foundation
of Canada (HSFC), and the Australian Resuscitation
Council (ARC) attended a meeting, hosted by the Laerdal
Foundation, at Utstein Abbey on the island of Mosteroy,
Norway. The purpose of this meeting was to discuss the
problems of resuscitation nomenclature and the lack of

Table 71.1. The GRADE Working Group sequence for
developing guidelines3

First steps

1. Establishing the process, e.g., prioritizing problems,

selecting a panel, declaring conflicts of interest, agreeing on

group processes.

Preparatory steps

2. Systematic review – identify and critically appraise or

prepare systematic reviews of the best available evidence for

all important outcomes.

3. Prepare evidence profile for important outcomes – profiles

are needed for each subpopulation or risk group, based on

the results of systematic reviews, and should include a

quality assessment and summary of findings.

Grading quality of evidence and strength of recommendations

4. Quality of evidence for each outcome – judged on

information summarized in the evidence profile and based

on predefined criteria.

5. Relative importance of outcomes – only important

outcomes should be included in the evidence profiles.

6. Overall quality of evidence – judged across outcomes based

on the lowest quality of evidence for any of the critical

outcomes.

7. Balance of benefits and harms – classified as net benefits,

trade-offs, uncertain trade-offs, or no net benefits based on

the important health benefits and harms.

8. Balance of net benefits and costs – are incremental benefits

worth the costs? Because resources are always limited, it is

important to consider costs (resource utilization) when

making a recommendation.

9. Strength of recommendation – recommendations should be

formulated to reflect their strength – that is, the extent to

which one can be confident that adherence will do more

good than harm.

Subsequent steps

10. Implementation and evaluation, e.g., using effective 

implementation strategies that address barriers to change, 

evaluation of implementation, and keeping up to date.



care for Basic Life Support (BLS), Paediatric Life Support (PLS) and

Advanced Life Support (ALS). While the major focus will be upon

treatment guidelines, the steering committee will also address the

effectiveness of educational and training approaches and topics

related to the organisation and implementation of emergency

cardiac care. The Committee will also encourage coordination of

dates for guidelines development and conferences by various

national resuscitation councils. These international guidelines will

aim for a commonality supported by science for BLS, ALS and PLS.

Formal BLS, ALS, and PLS working groups were established
and tasked with reviewing scientific data in their respec-
tive area of expertise. The name “International Liaison
Committee on Resuscitation (ILCOR)” was suggested by
Walter Kloeck, the chairman of RCSA, and adopted formally
in 1996.20 The founding organizations were joined in 1997
by the Consejo Latino-Americano de Resuscitatión (which
now forms part of the Inter-American Heart Foundation)
and in 1998 by the New Zealand Resuscitation Council
(joining with the ARC to form the Australia and New
Zealand Committee on Resuscitation (ANZCOR)). Since
1999, representatives from Japan, China, Taiwan, Thailand,
Malaysia, and Singapore have joined some ILCOR meetings
as observers. In 2006, the Resuscitation Council of Asia,
which includes representatives from Japan, Korea,
Singapore and Taiwan, formally joined ILCOR.

The mission statement of ILCOR was updated in 2005:

The International Liaison Committee on Resuscitation (ILCOR) will

provide a mechanism by which the international science and

knowledge relevant to cardiopulmonary resuscitation (CPR) and

emergency cardiovascular care (ECC) is identified and reviewed.

ILCOR will periodically develop and publish a consensus on resus-

citation science. When possible, ILCOR will publish treatment rec-

ommendations applicable to all member organisations. This

consensus mechanism may be used by member organisations to

provide consistent guidelines on resuscitation. ILCOR will encour-

age co-ordination of guideline development and publication by its

member organisations.While the major focus will be on evaluation

of cardiopulmonary resuscitation and emergency cardiovascular

care science, ILCOR will also address the effectiveness of education

and training, and approaches to the organisation and implementa-

tion of emergency cardiovascular care.

The activities undertaken by ILCOR to achieve the objec-
tives set out in its mission statement are listed in Table 71.2.

By 2005, ILCOR had convened 22 official meetings cul-
minating in the 2005 International Consensus Conference
on Cardiopulmonary Resuscitation and Emergency Car-
diovascular Care Science with Treatment Recommenda-
tions, held in Dallas, Texas.20,21 With the benefit of
international cooperation, ILCOR has assessed systemati-
cally the evidence supporting resuscitation standards and
guidelines. Initially, ILCOR experts identified numerous
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national differences in the practices of BLS, ALS, and pedi-
atric and newborn resuscitation. ILCOR has published 18
scientific advisory statements with the goal of explaining,
eliminating, or reducing these international variations
while endorsing mainly evidence-based resuscitation
guidelines.20,22–29

The Guidelines 2000 Conference and the goal of
universal CPR and ECC guidelines

Early ILCOR meetings were driven by the belief that evalua-
tion of international science by a common group of experts
should lead to universal evidence-based resuscitation
guidelines and practices. This view was particularly strong
leading up to the Guidelines 2000 Conference, the world’s
first international conference assembled to produce inter-
national resuscitation guidelines.30,31 This was the first
major conference to be held under the auspices of ILCOR
and it incorporated a sophisticated process for gathering
and assessing evidence; this process evolved further in 2005
(see below).32 Although the output from the Guidelines 2000
Conference was published in both Circulation33 and
Resuscitation30 and was subtitled “An International
Consensus on Science,” the ERC subsequently published its
own resuscitation guidelines.34–39 These included some dif-
ferences from the “International Guidelines” – the most sig-
nificant being simpler algorithms and minor differences in
recommendations for drug therapy.

What were the reasons for failing to achieve truly univer-
sal guidelines? Guidelines cannot be based on data alone –
judgment is unavoidable.40 If our clinical practice was
supported entirely by indisputable level 1 evidence, there
would be considerably less scope for differences among
councils and regions in the translation of science into

Table 71.2. The activities undertaken by the International
Liaison Committee on Resuscitation

• Provide a forum for discussion and for co-ordination of

cardiopulmonary and cerebral resuscitation worldwide.

• Facilitate a process for collecting, reviewing and sharing

international scientific data on resuscitation.

• Provide a channel for scientific review and guidance to enable

a process of international consensus to be achieved.

• Produce appropriate statements on specific issues related to

resuscitation that reflect international consensus.

• Foster scientific research in areas of resuscitation where there

is a lack of data or where there is controversy.

• Facilitate a process for dissemination of information on

training and education in resuscitation.



guidelines. In reality, much resuscitation practice is sup-
ported by lower level evidence or conflicting evidence. This
situation can easily be summarized in a consensus on
science statement by stating simply that there is no clear
evidence for or against a specific therapy or intervention.
Nevetheless, clinical guidelines have to be simple and rel-
atively dogmatic – one has to commit to a treatment or
technique in preference to another. It will be difficult to
reach consensus on the extent to which evidence obtained
from selected populations of patients or animal studies
can be extrapolated to the general population.41 The spe-
cific endpoint of a given resuscitation intervention that is
most relevant (e.g., return of spontaneous circulation, sur-
vival to hospital admission, survival to hospital discharge,
intact neurological survival, quality of life) will continue to
be controversial. By the time educational, cultural, finan-
cial, and organizational factors, and differences in drug
availability are taken into account, despite consensus on
the science, differences in guidelines from one country to
another are inevitable.42 Many problems in resuscitation
require local modifications and solutions. The common
goals of the resuscitation community are ultimately reduc-
ing rates of morbidity and mortality from cardiac arrest.

The Evidence Evaluation Process for the 2005
International Consensus on Cardiopulmonary
Resuscitation and Emergency Cardiovascular
Care Science

Evidence-based medicine is now a fundamental compo-
nent of clinical practice and its principles are well estab-
lished.43 The evidence evaluation process used in
preparation for the 2005 International Consensus on CPR
and ECC Science (C2005) has been described in detail by
Morley and Zaritsky, who took the lead in ensuring a high-
quality review of the evidence supporting resuscitation.32

Clinical research in resuscitation is challenging – cardiac
arrest is generally an unpredictable event and there are
increasing ethical problems associated with enrolling
unconscious patients in trials.44 Inevitably, this means that
there are relatively few controlled human studies and in
many cases we must rely on animal and manikin studies.

In 2003 and 2004, international experts (worksheet
reviewers) were assigned questions to evaluate. With use of
a hybrid of a nominal group technique and Delphi survey,42

the questions for systematic review were refined by each of
six ILCOR specialty task forces (BLS, ALS, acute coronary
syndromes, PLS, Neonatal Life Support, and interdiscipli-
nary) and from the ILCOR member resuscitation councils
and their training networks. Use of the Cochrane

Collaboration PICO system for structuring the question for
systematic review was encouraged but was not adopted
universally, partly because it applies only to clinical
studies. The PICO system structures the question into four
components: the patient, population, or problem (P); the
intervention or independent variable (I); the comparison
(C); and the independent variables or outcome(s) of inter-
est (O).45 Each structured, evidence-based review was
entered onto a standardized worksheet developed specifi-
cally for the C2005 Conference (Appendix 1). Two work-
sheet experts (Morley and Zaritsky) reviewed all submitted
worksheets. The steps involved in preparing these work-
sheets are outlined below.32

Step 1. Gathering and selection of the evidence

Reviewers documented their search strategies to ensure
reproducibility of the search. The minimum electronic
databases to be searched included the Cochrane data-
base for systematic reviews and the Central Register of
Controlled Trials [http://www.cochrane.org/], MEDLINE
[http://www.ncbi.nlm.nih.gov/PubMed/], EMBASE (www.
embase.com), and the EndNote (www.endnote.com) refer-
ence library collated by the AHA.

Step 2. Assessing the quality of the evidence

Reviewers determined the level of evidence of relevant
studies and assessed their quality. The quality of evidence
indicates the extent to which one can be confident that an
estimate of effect is correct.3 There are many established
systems for grading the quality of evidence.3,46 The levels of
evidence used for the 2005 consensus process were modi-
fied from those used in 2000 (Table 71.3).30,33 Using prede-
fined criteria, the reviewers assessed the quality of research
design and methods and allocated each study to one of five
categories: excellent, good, fair, poor, or unsatisfactory.
Studies graded as poor or unsatisfactory were excluded
from further analysis.

Step 3. Class of recommendation

The strength of recommendation indicates the extent to
which one can be confident that adherence to a recom-
mendation will do more good than harm.3 Unfortunately,
there are many systems for grading evidence-based guide-
lines. The class of recommendation system used in the
2005 AHA Guidelines for CPR and ECC is outlined in Table
71.4.47 Many of the experts outside the United States did
not want to use these classes of recommendation and they
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do not appear in the ILCOR 2005 Consensus on CPR and
ECC Science publication or in the ERC guidelines.48

Step 4. Management of conflict of interest

Experts in resuscitation science establish their expertise
by undertaking and publishing research and participating
in scientific conferences. This work creates potential
financial and intellectual conflicts of interest (COI) for the
expert.49,50 Intellectual conflicts of interest include intel-
lectual collaboration or intellectual investment in per-
sonal ideas, and long-term research agendas in which
investigators have invested a substantial time. A robust
COI policy was developed to ensure full disclosure of
potential conflicts and to protect the objectivity and credi-
bility of the evidence evaluation and consensus develop-
ment process.51

Step 5. Summary of the science

Worksheet reviewers summarized the science, providing a
detailed discussion of the evidence, including the outcomes
evaluated and the strengths and limitations of the data.

Consensus on science statements and treatment recom-
mendations were drafted using standardized templates.

Step 6. References

Worksheet reviewers provided an EndNote database file
containing the references that were used and these were
added to the master reference library collated by the AHA.

Step 7. Posting on the Internet

In December 2004 the completed worksheets, blinded to
authorship, were posted on an Internet site (www.C2005.
org) that could be accessed by the public for further review
and feedback before the 2005 Consensus Conference in
Dallas. All individuals making responses or suggestions
were required to submit potential or perceived conflict of
interest statements.

The 2005 Consensus Conference

A total of 281 experts completed 403 worksheets on 276
topics; 380 people from 18 countries attended the 2005
Consensus Conference (C2005) in January 2005. All C2005
participants received a copy of the worksheets on CD-
ROM. Internet access was available to all conference par-
ticipants during the conference to facilitate real-time
verification of the literature.52 Expert reviewers presented
topics in plenary, concurrent, and poster conference ses-
sions. Presenters and participants then debated the evi-
dence, conclusions, and draft summary statements. Each
day the most controversial topics from the previous day
were presented and debated in one or more additional

Table 71.4. The American Heart Association classes of recommendation47

Class 1 Class IIa Class IIb Class III

Benefit ��� risk Benefit �� risk Benefit�risk Risk�benefit

Procedure/treatment or It is reasonable to Procedure/treatment Procedure/treatment 

diagnostic test/ assessment perform procedure/ or diagnostic test/ or diagnostic test/

should be performed/ administer treatment assessment may be assessment should

administered. or perform diagnostic considered. not be performed/ 

test/ assessment. administered. It is 

not helpful and may

be harmful.

Table 71.3. Levels of evidence used in the C2005 process52

Evidence Definition 

Level 1 Randomized clinical trials or meta-analyses of

multiple clinical trials with substantial treatment

effects 

Level 2 Randomized clinical trials with smaller or less

significant treatment effects

Level 3 Prospective, controlled, non-randomized cohort

studies

Level 4 Historic, non-randomized cohort or case-control

studies

Level 5 Case series; patients compiled in serial fashion,

control group lacking

Level 6 Animal studies or mechanical model studies

Level 7 Extrapolations from existing data collected for

other purposes, theoretical analyses

Level 8 Rational conjecture (common sense); common 

practices accepted before evidence-based 

guidelines
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sessions. Science statements were drafted to summarize
the experts’ interpretation of all the relevant data on a spe-
cific topic. Draft treatment recommendations were added
if a consensus was reached. The 2005 International
Consensus on CPR and ECC Science with Treatment
Recommendations (CoSTR) was published simultane-
ously in Resuscitation21 and Circulation.53 This consensus
on science has provided the evidence from which the
latest resuscitation guidelines were derived.

From science to guidelines

The resuscitation organizations forming ILCOR have
published individual resuscitation guidelines that are
consistent with the science in the 2005 Consensus
Conference document. These guidelines are broadly
similar, but consideration of geographic, economic, and
system differences in practice, and the availability of
medical devices and drugs, has inevitably forced some dif-
ferences. All ILCOR member organizations strive to mini-
mize these international differences in resuscitation
practice and to optimize the effectiveness of instructional
methods, teaching aids, and training networks.

The recommendations of the 2005 Consensus
Conference confirmed the safety, feasibility, and efficacy of
some current approaches, acknowledged that other
approaches were not optimal, and introduced new treat-
ments resulting from evidence-based evaluation.
Whenever guidelines are updated, healthcare providers
and laypeople must be assured that it takes time for
these changes to permeate down to frontline clinical prac-
tice and that, in the meantime, their existing techniques
are reasonable and safe. The introduction to the 2005
Consensus Conference document included the statement:
“New and revised treatment recommendations do not
imply that clinical care that involves the use of previously
published guidelines is unsafe.”52 Members of ILCOR con-
sidered these new recommendations to be the most effec-
tive and easily learned interventions that could be
supported by existing knowledge, research, and experi-
ence, including the emerging science of ECC education.
Treatment changes, such as the compression:ventilation
ratio of 30:2 and the single- versus three-shock defibrilla-
tion strategy, which were adopted to minimize inter-
ruptions to compressions, were often based upon
feasibility and teachability, and not on randomized con-
trolled trials. Implications for education and retention
were considered carefully when developing the final treat-
ment recommendations.

The 2005 Universal Algorithm

The 2005 Consensus Conference document includes an
updated ILCOR Universal Cardiac Arrest Algorithm (Fig.
71.1), which incorporates many of the new treatment rec-
ommendations. The algorithm is applicable to attempted
resuscitation of infant, child, and adult victims of cardiac
arrest (excluding newborns). Every effort was made to keep
the algorithm simple yet widely applicable. Resuscitation
organizations subsequently based their guidelines on the
ILCOR algorithm, although a comparison of the ERC (Fig.
71.2) and AHA ALS (Fig. 71.3) algorithms reveals differ-
ences in style.

Implementing guidelines

Failure to translate research findings into daily practice is a
well recognized problem.54 The development of good
guidelines does not ensure that they will be adopted in clin-
ical practice and passive methods of disseminating and
implementing guidelines (e.g., publication in journals) are
unlikely to change professional behavior.55 Resuscitation
organizations have a primary responsibility for disseminat-
ing and implementing resuscitation guidelines; this will
require significant resources. Summary booklets to supple-
ment the full guidelines will be helpful for busy healthcare
personnel. Full use of the Internet to make guidelines freely
and easily downloadable is essential: the ERC and the
AHA guidelines can be downloaded at www.erc.edu and
http://circ.ahajournals.org/content/vol112/24_suppl/, 
respectively. Resuscitation guidelines can be disseminated
effectively 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. The updat-
ing of training materials also requires considerable
resources and often involves many of the individuals who
have been involved in the guideline process. Standardized
courses such as the ERC Advanced Life Support Course and
the AHA Advanced Cardiac Life Support Course play a
crucial role in disseminating resuscitation guidelines.
Evaluation and verification of the implementation of new
guidelines is achieved through audit.

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



1284 J.P. Nolan et al.

experts were to wait five or more years to inform health-
care professionals of therapeutic advances in this field.
Some groups have advocated reviewing guidelines as fre-
quently as every two years.42 Frequent changes in recom-
mendations that do not have a major impact on outcome
might undermine the process, however, 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 multicentre registries
that use Utstein-style consensus definitions of the
process of care and outcomes following resuscitation
will track the dissemination of new techniques and inter-
ventions from science to guidelines and to practice,
and lead to further refinements in the guidelines.18,56,57

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. Innova-
tive strategies to improve the process and outcomes of
evidence evaluation and resuscitation are being incorpo-
rated into the planning for a consensus conference on
resuscitation in 2010. Whether this 2010 consensus con-
ference will result in truly universal guidelines has yet to
be determined.

Summary

International consensus development in resuscitation has
evolved over the last 40 years. Major international reviews
of resuscitation science occur every 5 years under the aus-
pices of ILCOR; the result is that CPR guidelines around the
world are now broadly similar. Standardized training mate-

Shout for help

Open Airway

Look for signs of life

Call EMS/Resuscitation Team

Give 2–5 initial Breaths if no regular breathing

Give 30 chest Compressions (almost 2 compressions/second)
followed by 2 breaths. Continue until defibrillator/monitor is attached.

Assess Rhythm

Non-Shockable

(PEA/Asystole)
Shockable

(VF/Pulseless VT)

Give 1 shock

Immediately resume CPR

30 compressions:
2 breaths   5 cycles

Immediately resume CPR

30 compressions:
2 breaths   5 cycles

Maintain open airway
Ventilate and oxygenate
Obtain vascular access
Verify electrode/paddle position
  and contact
Correct reversible causes

A

B

C

D

Advanced Life Support

During CPR

 Consider:
Airway adjunct
Vasopressors/antiarrhythmics

Monitor and Manage:
Glucose/temperature/CO2/elecrolytes  

Unresponsive?

Fig. 71.1. The 2005 ILCOR Universal Algorithm.



rials and courses help to disseminate the guidelines and
change the practice of healthcare professionals and first
responders.
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Adult Advanced Life Support Algorithm

Unresponsive ?

Open airway
Look for signs of Life

Call
Resuscitation Team

CPR 30:2

Until defibrillator / monitor
attached

Assess
rhythm

Non-Shockable
(PEA / Asystole)

Shockable
(VF / pulseless VT)

1 Shock
150–360 J biphasic

or 360 J monophasic

*Reversible Causes
Hypoxia
Hypovolemia
Hypo/hyperkalemia/metabolic
Hypothermia   

Tension pneumothorax
Tamponade, cardiac
Toxins
Thrombosis (coronary or pulmonary)

During CPR:

•  Correct reversible causes*

•  Check electrode position
   and contact

•  Attempt / verify:
   IV access
   airway and oxygen

•  Give uninterrupted
   compressions when
   airway secure

•  Give adrenaline
   every 3–5 min Immediately resume

CPR 30:2
for 2 min

Immediately resume
CPR 30:2
for 2 min

•  Consider: amiodarone,
   atropine, magnesium

Fig. 71.2. The 2005 European Resuscitation Council advanced

life support algorithm.
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•  BLS Algorithm: Call for help, give CPR
•  Give oxygen when available
•  Attach monitor/defibrillator when available

1

2

Check rhythm
Shockable rhythm?

Shockable

VF/VT

Not Shockable

Asystole/PEA

9

Give 1 shock

•  Manual biphasic: device specific
   (typically 120 to 200 J)
   Note: If unknown, use 200 J
•  AED: device specific
•  Monophasic: 360 J
Resume CPR immediately

3

4

5

Give 5 cycles of CPR*

Check rhythm
Shockable rhythm?

Check rhythm
Shockable rhythm?

No

10

Give 5 cycles
of CPR

Shockable

Give 5 cycles of CPR*

Check rhythm
shockable rhythm?

•  If asystole, go to Box 10

•  If pulse present, begin
   postresuscitation care

•  Push hard and fast (100/min)

During CPR

–  Hypovolemia
–  Hypoxia

–  Hypoglycemia
–  Hypothermia

–  Tamponade, cardiac

–  Trauma

–  Tension pneumothorax
–  Thrombosis (coronary or
    pulmonary)

–  Toxins

–  Hydrogen ion (acidosis)
–  Hypo-/hyperkalemia

•  Search for and treat possible
   contributing factors:

•  Rotate compressors every
   2 minutes with rhythm checks

•  Minimize interruptions in chest

   compressions

•  One cycle of CPR: 30 compressions
   then 2 breaths; 5 cycles –2 min

•  Ensure full chest recoil

•  If electrical activity, check
   pulse, if no pulse, go to
   Box 10

Shockable

8

7

NO

12

Not

shockable shockable

13

11

Go to
box 4

6

Continue CPR while defibrillator is charging
Give 1 shock

•  Manual biphasic: device specific
   (same as first shock or higher dose)
   Note: If unknown, use 200 J
•  AED: device specific
•  Monophasic: 360 J
Resume CPR immediately after the shock

when IV/IO available, give vasopressor during CPR
(before or after the shock)
•  Epinephrine 1 mg IV/IO
   Repeat every 3 to 5 min

•  May give 1 dose of vasopressin 40 U IV/IO to
   replace first or second dose of epinephrine

Continue CPR while defibrillator is charging
Give 1 shock

•  Manual biphasic: device specific
   (same as first shock or higher dose)
   Note: If unknown, use 200 J
•  AED: device specific
•  Monophasic: 360 J
Resume CPR immediately after the shock

consider antiarrhythmics; give during CPR
(before or after the shock)
  amiodarone (300 mg IV/IO once), then
  consider additional 150 mg IV/IO once) or
  lidocaine (1 to 1.5 mg/kg first dose, then 0.5
Consider magnesium, loading dose
  1 to 2 g IV/IO for torsades de pointes
  After 5 cycles of CPR,* go to box 5 above

Resume CPR immediately after 5 cycles

when IV/IO available, give vasopressor

•  Epinephrine 1 mg IV/IO
   repeat every 3 to 5 min

•  May give 1 dose of vasopressin 40 U IV/IO to
   replace first or second dose of epinephrine

Consider atropine 1 mg IV/IO
   for asystole or slow, PEA rate
   repeat every 3 to 5 min (up to 3 doses)

•  Secure airway and confirm placement

ACLS Pulseless Arrest Algorithm.

* After an advanced airway is placed
 rescuers no longer deliver “cycles”
 of CPR. Give continous chest com-
 pressions without pauses for breaths.
 Give 8 to 10 breaths/minute. Check
 rhythm every 2 minutes. 

•  Avoid hyperventilation

PULSELESS ARREST

or

Fig. 71.3. The 2005 American Heart Association advanced cardiac life support algorithm.



‘Utstein style’. A statement for healthcare professionals from

the American Heart Association, the European Resuscitation

Council, the Heart and Stroke Foundation of Canada, the

Australian Resuscitation Council, and the Resuscitation

Councils of Southern Africa. Resuscitation 1997; 34: 151–183.

16. Kattwinkel, J., Niermeyer, S., Nadkarni, V. et al. Resuscitation

of the newly born infant: an advisory statement from the

Pediatric Working Group of the International Liaison

Committee on Resuscitation. Resuscitation 1999; 40: 71–88.

17. Idris, A.H., Berg, R.A., Bierens, J. et al. Recommended guide-

lines for uniform reporting of data from drowning: The

“Utstein style”. Resuscitation 2003; 59: 45–57.

18. Jacobs, I., Nadkarni, V., Bahr, J. et al. Cardiac arrest and car-

diopulmonary resuscitation outcome reports: update and

simplification of the Utstein templates for resuscitation reg-

istries. A statement for healthcare professionals from a task

force of the international liaison committee on resuscitation

(American Heart Association, European Resuscitation

Council, Australian Resuscitation Council, New Zealand

Resuscitation Council, Heart and Stroke Foundation of

Canada, InterAmerican Heart Foundation, Resuscitation

Council of Southern Africa). Resuscitation 2004; 63: 233–249.

19. Guidelines for cardiopulmonary resuscitation (CPR) and

emergency cardiac care (ECC). J. Am. Med. Assoc. 1992; 286:

2135–2302.

20. Chamberlain, D. The International Liaison Committee on

Resuscitation (ILCOR)-Past and present Compiled by the

Founding Members of the International Liaison Committee on

Resuscitation. Resuscitation 2005; 67: 157–161.

21. International Liaison Committee on Resuscitation. 2005

International Consensus on Cardiopulmonary Resuscitation

and Emergency Cardiovascular Care Science with Treatment

Recommendations. Resuscitation 2005; 67: 157–341.

22. Handley, A.J., Becker, L.B., Allen, M., van Drenth, A., Kramer,

E.B. & Montgomery, W.H. Single rescuer adult basic life

support. An advisory statement from the Basic Life Support

Working Group of the International Liaison Committee on

Resuscitation (ILCOR). Resuscitation 1997; 34: 101–108.

23. Kloeck, W., Cummins, R., Chamberlain, D. et al. The Universal

ALS algorithm. An advisory statement by the Advanced Life

Support Working Group of the International Liaison

Committee on Resuscitation. Resuscitation 1997; 34: 109–111.

24. Kloeck, W., Cummins, R.O., Chamberlain, D. et al. Early defib-

rillation: an advisory statement from the Advanced Life

Support Working Group of the International Liaison

Committee on Resuscitation. Circulation 1997; 95: 2183–2184.

25. Nadkarni, V., Hazinski, M.F., Zideman, D. et al. Paediatric life

support: an advisory statement by the Paediatric Life Support

Working Group of the International Liaison Committee on

Resuscitation. Resuscitation 1997; 34: 115–127.

26. Kloeck, W., Cummins, R.O., Chamberlain, D. et al. Special

resuscitation situations: an advisory statement from

the International Liaison Committee on Resuscitation.

Circulation 1997; 95: 2196–2210.

27. Chamberlain, D.A. & Hazinski, M.F. Education in resuscitation.

Resuscitation 2003; 59: 11–43.

28. Nolan, J.P., Morley, P.T., Vanden Hoek, T.L. & Hickey, R.W.

Therapeutic hypothermia after cardiac arrest. An advisory

statement by the Advancement Life support Task Force of

the International Liaison committee on Resuscitation.

Resuscitation 2003; 57: 231–235.

29. Samson, R., Berg, R. & Bingham, R. Pediatric Advanced Life

Support Task Force ILCoR. Use of automated external defibril-

lators for children: an update. An advisory statement from the

Pediatric Advanced Life Support Task Force, International

Liaison Committee on Resuscitation. Resuscitation 2003; 57:

237–243.

30. American Heart Association in collaboration with

International Liaison Committee on Resuscitation. Guide-

lines for Cardiopulmonary Resuscitation and Emergency

Cardiovascular Care – An International Consensus on Science.

Resuscitation 2000; 46: 3–430.

31. Proceedings of the Guidelines 2000 Conference for Cardio-

pulmonary Resuscitation and Emergency Cardiovascular

Care: An International Consensus on Science. Ann. Emerg.

Med. 2001; 37: S1–S200.

32. Morley, P. & Zaritsky, A. The evidence evaluation process for

the 2005 International Consensus on Cardiopulmonary

Resuscitation and Emergency Cardiovascular Care Science

With Treatment Recommendations. Resuscitation 2005; 67:

167–170.

33. American Heart Association in collaboration with

International Liaison Committee on Resuscitation. Guidelines

2000 for Cardiopulmonary Resuscitation and Emergency

Cardiovascular Care. Circulation 2000; 102(Suppl.): I1–I384.

34. de Latorre, F., Nolan, J., Robertson, C., Chamberlain, D. &

Baskett, P. European Resuscitation Council Guidelines 2000 for

Adult Advanced Life Support. A statement from the Advanced

Life Support Working Group(1) and approved by the Executive

Committee of the European Resuscitation Council.

Resuscitation 2001; 48: 211–221.

35. Handley, A.J., Monsieurs, K.G. & Bossaert, L.L. European

Resuscitation Council Guidelines 2000 for Adult Basic Life

Support. A statement from the Basic Life Support and

Automated External Defibrillation Working Group(1) and

approved by the Executive Committee of the European

Resuscitation Council. Resuscitation 2001; 48: 199–205.

36. Monsieurs, K.G., Handley, A.J. & Bossaert, L.L. European

Resuscitation Council Guidelines 2000 for Automated External

Defibrillation. A statement from the Basic Life Support and

Automated External Defibrillation Working Group(1) and

approved by the Executive Committee of the European

Resuscitation Council. Resuscitation 2001; 48: 207–209.

37. Phillips, B., Zideman, D., Garcia-Castrillo, L., Felix, M. &

Shwarz-Schwierin, U. European Resuscitation Council

Guidelines 2000 for Basic Paediatric Life Support. A statement

from the Paediatric Life Support Working Group and approved

by the Executive Committee of the European Resuscitation

Council. Resuscitation 2001; 48: 223–229.

38. Phillips, B., Zideman, D., Garcia-Castrillo, L., Felix, M. &

Shwarz-Schwierin, V. European Resuscitation Council

Guidelines 2000 for Advanced Paediatric Life Support. A state-

Consensus development in resuscitation 1287



ment from Paediatric Life Support Working Group and

approved by the Executive Committee of the European

Resuscitation Council. Resuscitation 2001; 48: 231–234.

39. Phillips, B., Zideman, D., Wyllie, J., Richmond, S. & van

Reempts, P. European Resuscitation Council Guidelines 2000

for Newly Born Life Support. A statement from the Paediatric

Life Support Working Group and approved by the Executive

Committee of the European Resuscitation Council. Resuscita-

tion 2001; 48: 235–239.

40. Raine, R., Sanderson, C., Hutchings, A., Carter, S., Larkin, K. &

Black, N. An experimental study of determinants of group

judgments in clinical guideline development. Lancet 2004;

364: 429–437.

41. Burgers, J.S. & van Everdingen, J.J. Beyond the evidence in clin-

ical guidelines. Lancet 2004; 364: 392–393.

42. Raine, R., Sanderson, C. & Black, N. Developing clinical guide-

lines: a challenge to current methods. Br. Med. J. 2005; 331:

631–633.

43. Sackett, D., Richardson, W., Rosenberg, W. & Haynes, R.

Evidence-based Medicine. How to Practise and Teach EBM.

London: Churchill Livingstone; 1997.

44. Lemaire, F., Bion, J., Blanco, J. et al. The European Union

Directive on Clinical Research: present status of implementa-

tion in EU member states’ legislations with regard to the

incompetent patient. Intensive Care Med 2005; 31: 476–479.

45. Stone, P.W. Popping the (PICO) question in research and

evidence-based practice. Appl. Nurs. Res. 2002; 15: 197–198.

46. Harbour, R. & Miller, J. A new system for grading recommend-

ations in evidence based guidelines. Br. Med. J. 2001; 323:

334–336.

47. 2005 American Heart Association Guidelines for Cardio-

pulmonary Resuscitation and Emergency Cardiovascular Care.

Circulation 2005; 112: IV1–203.

48. Nolan, J.P. & Baskett P.J.F. European Resuscitation Council

Guidelines for Resuscitation 2005. Amsterdam: Elsevier; 2005.

49. Davidoff, F., DeAngelis, C.D., Drazen, J.M. et al. Sponsorship,

authorship, and accountability. Lancet 2001; 358: 854–856.

50. Choudhry, N.K., Stelfox, H.T. & Detsky, A.S. Relationships

between authors of clinical practice guidelines and the phar-

maceutical industry. J. Am. Med. Assoc. 2002; 287: 612–617.

51. Billi, J.E., Eigel, B., Zideman, D., Nolan, J.P., Montgomery, W. &

Nadkarni, V. Conflict of interest management before, during

and after the 2005 International Consensus Conference on

Cardiopulmonary Resuscitation and Emergency Cardio-

vascular Care Science With Treatment Recommendations.

Resuscitation 2005; 67: 171–173.

52. International Liaison Committee on Resuscitation. Part 1.

Introduction. 2005 International Consensus on Cardiopul-

monary Resuscitation and Emergency Cardiovascular Care

Science with Treatment Recommendations. Resuscitation

2005; 67: 181–186.

53. International Liaison Committee on Resuscitation. 2005

International Consensus on Cardiopulmonary Resuscitation

and Emergency Cardiovascular Care Science with Treatment

Recommendations. Circulation 2005; 112: III-1–III-136.

54. Grimshaw, J., Eccles, M. & Tetroe, J. Implementing clinical

guidelines: current evidence and future implications. J.

Contin. Educ. Health Prof. 2004; 24 Suppl. 1: S31–S37.

55. Feder, G., Eccles, M., Grol, R., Griffiths, C. & Grimshaw, J.

Clinical guidelines: using clinical guidelines. Br. Med. J. 1999;

318: 728–730.

56. Herlitz, J., Engdahl, J., Svensson, L., Angquist, K.A., Young, M.

& Holmberg, S. Factors associated with an increased chance of

survival among patients suffering from an out-of-hospital

cardiac arrest in a national perspective in Sweden. Am. Heart J.

2005; 149: 61–66.

57. Nadkarni, V.M., Larkin, G.L., Peberdy, M.A. et al. First docu-

mented rhythm and clinical outcome from in-hospital cardiac

arrest among children and adults. J. Am. Med. Assoc. 2006; 295:

50–57.

1288 J.P. Nolan et al.



A2 assay 84, 86

ABC sequence of resuscitation 12, 463–4, 467

children 948–9

hemorrhagic shock 1000–1

induced hypothermia 853

modification reasons 463–4

pregnant women 1078–9

see also airway; breathing; circulatory system

ABCDE of cardiovascular disease risk management 454–5,

455

abdominal binding, coronary flow 338

abdominal complications, chest compression 577, 579

abdominal compression, interposed (abdominal

counterpulsation) 577–9

in non-fibrillatory cardiac arrest 738

abdominal pressure

chest compression 338, 339, 342

CPR 333–4

abdominal thrust 522–3, 976

abducens (6th cranial) nerve testing 889

Abildgaard, Nickolev 12–13

absolute error 182

acclimatization to high altitude 1119–20

ACD (active compression–decompression) devices see active

compression–decompression (ACD)

acetazolamide in high-altitude illness 1131

acetylcholinesterase inhibitor poisoning 1036

acid–base status 674–97

accidental hypothermia effects 1016

cardiac arrest and resuscitation 675–7

definitions of changes 675

drowning victim 1095

historical perspectives 674–5

intra-operative and risk of arrest 1052

postresuscitation management 904–5

pregnant women 1077

ventilation effects 510–11

acidosis

central venous 685–6

critical organs and effects 678–81, 733, 863

myocardial 679–81, 685–6

nature and rate of development 675–7

see also cerebral acidosis; metabolic acidosis

actin 428, 429, 430

action potential(s)

Brugada syndrome 1173

cardiac activation 428, 431

cardiomyopathy 111

heart failure 110

sudden cardiac death 921–2, 923

action potential duration (APD) 103, 109, 112

activator protein library 260, 261, 262, 263

active compression–decompression (ACD) 188, 336, 381, 527–8,

587–91, 794

applicability 588

cerebral perfusion pressure 391–2

complications 794

non-fibrillatory cardiac arrest 738

physiology 587–8

acute coronary syndromes, current management strategies 764

arrest

epidemiology 1119

progression to 1122

unrelated at high-altitude unrelated 1124–7

symptoms 1120

acute respiratory distress syndrome (ARDS), drowning victim

1091, 1095, 1097

Adams, David 11–12

adenosine, antidote to theophylline poisoning 1032

adenosine nucleotides see cyclic AMP

adenosine triphosphate (ATP)

blood flow-induced recovery of levels 242

brain depletion 396

cardiac contraction requirement 427

Index

Note: page numbers in italics refer to figures and tables. Plates are indicated by Plate number.



adenosine triphosphate (ATP) (cont.)

cerebral perfusion 239

contractile process 428

defibrillation 471

depletion in ischemia 238, 249

hydrolysis 239

intestinal ischemia 299–300

kidney ischemia–reperfusion 306

liver ischemia–reperfusion 303–4

myocardial contraction 431

myocardial stunning 285–6

postresuscitation syndrome 830

pulseless electrical activity 435

regeneration impairment 241

synthesis 256–7

adhesion molecules 172

adipocytes, leptin production 143

administrative structure, in-hospital resuscitation 784–5

adolescents and young adults

arrhythmogenic right ventricular cardiomyopathy 1161

high-altitude cardiac arrest 1123–4

sudden cardiac death incidence 1148, 1149, 1152

in sport 1148, 1150

adrenal glands 134–7

blood flow in CPR 309

critical illness response 145–7

postresuscitation function 824

adrenal insufficiency 146

adrenal ischemia–reperfusion 307

damage from cardiac arrest 312–13

adrenaline see epinephrine

adrenergic agents 639–46, 734–5

adverse effects 734, 837

calcium channel blocker/beta-blocker overdose 1030

inhalant abuse 1032

non-fibrillatory cardiac arrest 734–5

see also alpha-adrenoceptor(s); beta-adrenoceptor(s)

adrenocorticotropic hormone (ACTH)

adrenal damage from cardiac arrest 312–13

critical illness response 139–40

adult respiratory distress syndrome (ARDS), drowning victim

1091, 1095, 1097

advanced cardiac life support (ACLS) see advanced life 

support

advanced directives 966, 1202, 1205, 1229–30

advanced life support 21–2, 1263–4

algorithm 1285, 1286

electrical injury 1143–4

high-altitude illness 1130

in-hospital

accidental hypothermia 1021

drowning victim 1094–5

non-fibrillatory cardiac arrest 728

pregnant women 1080–82

prehospital/on-site 775–6

accidental hypothermia 1018–19

drowning victim 1093

afterdepolarizations 111, 112

delayed 289–90

see also early afterdepolarizations

afterload, myocardial contraction 431–2

age/aging

anesthesia-related cardiac arrest risk 1047

cardiovascular system and 958–9

skeletal fracture risk with chest compression 795

societal attitudes 959–62

sudden cardiac death incidence 1148, 1149

survival of cardiac arrest 37–8

see also children; elder/older persons; infants and toddlers;

neonates

agonal (gasping) ventilation 528, 753

spontaneous 363–4

AIF flavoprotein 61–2

air pressure in aero-medical transport 1129

aircraft 1127–9

defibrillation in 476, 483

Brazil 504

US 498

defibrillators 1223

epidemiology of arrest in commercial craft 1127–8

thrombosis risk 1126

see also helicopters

airports, defibrillation in 498–9

airway

collapse in thoracic compression 334

hypoxemia and hypercarbia effects 507

inflation with intrathoracic pressure pump 339

management 529–35, 550–68, 802–4, 809

asphyxia 974, 975

basic 529–35, 551–2

cardiocerebral resuscitation 749, 752

children 948

complications 802–5

drowning victim 1092

electrical injury 1144

induced hypothermia 853

techniques and devices 533, 550–68, 802–4, 809

manipulation in CPR 334, 336

mechanics in CPR 334, 335

obstruction 550–1, 971–3, 975–6

asphyxia 970, 971–3

assessment and recognition 551

causes 522–3, 550–1, 976–6

patent 529–31

trapping in thoracic compression 334

unprotected 523–7

see also chronic obstructive pulmonary disease; positive

pressure ventilation; ventilation

airway, breathing, circulation 12

see also ABC sequence of resuscitation
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alcohol consumption 33

cardiovascular disease risk 456

aldosterone 136

critical illness response 146–7

renin dissociation 147

aldosterone antagonists 34, 35

ALIVE (Amiodarone vs Lidocaine in Prehospital Ventricular

Fibrillation) trial 669–70

alkalinizing agents in low-flow states 677

alkalosis, sodium bicarbonate-induced 685

allergens 1105–8

anesthetics as 1051, 1107

immunotherapy 1105–6, 1112–13

re-exposure 1112–13

see also hypersensitivity reactions

allopurinol

kidney ischemia–reperfusion 306

reperfusion injury prevention 301

alpha-adrenoceptor(s)

epinephrine actions 639–40

subtypes 641–2

alpha-adrenoceptor agonists

children 952–3

coronary perfusion pressure 382–3

CPR 382–3

pulseless electrical activity 441, 734–5

alpha1-adrenoceptor agonists 641

alpha2-adrenoceptor agonists 641–2, 837

alpha-stat 868

Alpine tourism, cardiac arrest unrelated to altitude 1124–5

alteplase see tissue plasminogen activator

alternating current (AC) and DC, relative dangers 1139

altitude 1118–35

extreme/medium 1119

altitude related illness 1118

see also high altitude; high-altitude illness

alveolar carbon dioxide, measurements reflecting 705

ambulances 17–18, 21

services in England 502, 503

American Academy of Neurology (AAN) brain death criteria

897–8

American Heart Association (AHA) guidelines for CPR and

emergency CV care 528

automated external defibrillators 491

pediatric arrhythmia identification 487

public setting 496–7

chest compression 573

pulseless electrical activity 729

American Heart Association (AHA) National Registry of

Cardiopulmonary Resuscitation see National Registry of

Cardiopulmonary Resuscitation

American Society of Anesthesiologists physical status

classifications 1044, 1046

arrest and mortality related to 1047, 1047–8

amino acids, liver damage from cardiac arrest 311

aminophylline in pulseless electrical activity 737

21-aminosteroids 840

amiodarone 35–6, 669–70, 672, 812

children 953–4

implantable cardioverter-defibrillator patients 671–2

metabolism 402

pharmacology 408–9

amniotic fluid embolism 984, 1108

cAMP and inotropic agents 841, 842

amphetamine abuse 1030

amphibious rescue craft 6, 7

amplifiers, load cells 191

amplitude spectrum analysis 422

amplitude spectrum area (AMSA) 716, 717

anabolic steroid abuse 1182

analgesia, prehospital 1061

anaphylactoid reaction 1103

of pregnancy 984, 1108

anaphylatoxin 1110

anaphylaxis/anaphylactic shock 984–5, 1103–17

in anesthesia 1051, 1107

causes 1105–7

investigation 1112

definitions 1103

diagnosis 1103–5, 1111

differential 1104

discovery 1103

epidemiology 1105–7

factors increasing risk of arrest 1108–11

management 985, 1111–13

pathophysiology/mechanisms 1108–11

investigation 1112–13

see also allergens

Andersen (Andersen–Tawil) syndrome 922, 1171, 1172

androgenic anabolic steroid abuse 1182

anemia 1051

anesthesia

induction 1052, 1107

stages of perception 1250–11

anesthesia, cardiac arrest in 1043–75

anemia 1051

causes 1049–55

anaphylaxis 1051, 1107

environmental factors 1050, 1052–5

patient factors 1049–52

definitions 1044

educational aspects 1063–7

epidemiology 1044–6

errors causing (system and human) 1052–5, 1066–9

historical perspectives 1043

outside operating room 1060–1

pregnancy 1077

obstetric anesthesia 1048

prevention 1061–3, 1067

risk factors 1046–9
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anesthesia, cardiac arrest in (cont.)

treatment principles 1062–3

see also regional and local anesthesia, arrest

anesthetic agents, status asthmaticus 981

angina

drug-induced Brugada-like ECG patterns 928

unstable and non-ST elevation MI

coronary angiography following resuscitation 765

current management strategies 764

angioedema 1104

angiography

hypertrophic cardiomyopathy 1156

see also coronary angiography

angiotensin II 136–7, 659–62

blood flow in CPR 309

during CPR 310

intestinal ischemia–reperfusion 299

oxygen impairment in visceral organ ischemia 316

visceral organ ischemia 318

angiotensin receptor blocking agents (ARBs) 35, 36

angiotensin receptors 661

angiotensin-converting enzyme (ACE) inhibitors

anaphylaxis potentiation 1110

reperfusion arrhythmias 290

angiotensin-coverting enzyme (ACE) inhibitors 34, 35

animal allergens and anaphylaxis 1105, 1106

ankyrin B, defective 73

anoxia 820

definition 967

see also hypoxic–ischemic (hypoxic–anoxic) encephalopathy

antecubital vein, epinephrine injection 616

antianginal drugs, Brugada-like ECG pattern induction 928

antiarrhythmic drugs 35

Brugada syndrome treatment 928, 1174

Brugada-like ECG patterns induced by 928

cardiac arrest and resuscitation 669–72, 811–12

drowning victim 1095

catecholaminergic polymorphic ventricular tachycardia 930

children 953–4

defibrillation efficacy 118

pharmacology 408–10

prophylactic use 456

risk of cardiac arrest 667

short QT syndrome 1175

ventricular fibrillation 106

Wolff–Parkinson–White syndrome 931–3

antibiotics

anaphylaxis 1106–7

drowning victim in ICU 1096

antibody arrays 84, 86

anticholinergic drugs 978

anticholinesterase poisoning 1036

anticoagulants 864

cardiopulmonary bypass 606

anticonvulsant therapy 905

antidepressants see tricyclic antidepressant toxicity

antidiuretic hormone see vasopressin

antidotes to poisoning 1029

antihistamines, anaphylaxis 1112

antioxidants

defense 259–60, 261, 262–3

therapies for visceral organ ischemia 314, 315

antiplatelet therapy 36

aorta

balloon counterpulsation in non-fibrillatory cardiac arrest 739

compression in pregnancy 1077, 1079

cross-clamping injury 794–5

dissection in Marfan syndrome 1170

pressure with chest compression 574

aortic arch

cold flush for suspended animation 872–3

drug injection 628–9

aortic pressure

change

in cardiac arrest 350, 359, 360

in CPR 354–5

diastolic during CPR 369–72, 374

measurement 373

pulseless electrical activity 437, 439

spontaneous gasping 363, 364

ventricular volumes 361, 362

aortic sinus, coronary artery origin 1163, 1164

aortic stenosis 1168–70

athletes 1168–70

neuraxial anesthesia 1051–3

aortic-right atrial pressure gradient 118

AP-1 260, 261, 262, 263

AP-2 260, 261, 262

apnea 969–70

anesthesia-induced 1048

determination by rescuer 530–1

apnea test in brain death determination 898

apoptosis 57, 237

anti-inflammatory strategy 62

Bcl-2 family 257, 258

extrinsic pathway 93

hemorrhagic shock 1003–4

intrinsic pathway 93

mitochondrial events 61

pathways 59

post-resuscitation 861

myocardium 833–4

post-resuscitation syndrome 55

protein groups 58

reperfusion inhibition 255–6

triggering by NO 257

apoptosis-inducing factor (AIF) 257

apoptotic protease activating factor 1 (APAF-1) 254, 257

aquaporin-4 water channels 241

ARC (apoptosis repressor with CARD domain) 59
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arginine vasopressin see vasopressin

ARREST (Amiodarone in Resuscitation of Refractory Sustained

Ventricular Tachyarrhythmias) trial 669

arrhythmias/dysrhythmias 667–9

acquired 33

anesthesia-related 1062

arrhythmogenic right ventricular cardiomyopathy 1161

athletes

diagnostic significance 1186, 1187

medicolegal implications 1187

Brugada syndrome 1173

congenital 33

electrical shock-induced 1139

induced hypothermia 866–7

malignant 232

non-penetrating chest injury 1178–61

pediatric, identification in AEDs 487–8

precordial thump-induced 793

reperfusion-induced 831

sudden death 450–2, 667–9

treatment by EMS systems 775–6

see also antiarrhythmic drugs; reperfusion arrhythmias;

supraventricular arrhythmias; specific arrhythmias

arrhythmogenic diseases, inherited 70

arrhythmogenic right ventricular cardiomyopathy 1159–61

arterial blood gas monitoring in CPR 538–9, 677–8

see also arterial carbon dioxide partial pressure; arterial oxygen

arterial blood pressure monitoring 701–3

arterial cannulation, cardiopulmonary bypass 606–7

arterial carbon dioxide partial pressure (PaCO2)

low-flow states 508

ventilation effects 510–11

monitoring in CPR 538–9, 677–8

see also hypercarbia/hypercarbemia

arterial compliance, chest compression 338

arterial oxygen

partial pressure (PaO2)

in low-flow states 508

monitoring in CPR 538–9, 677

see also oxygen, transport in blood

arterial physiology 347–8

arterial pressure change in cardiac arrest 349–50

arterial resistance in chest compression 337–8

arterial temperature probes 605

arterial:ketone body ratio 319

arteries, large/small 347

arterioles 347, 348

artificial circulation 11

artificial intelligence debriefing (AID) 1267

artificial ventilation/respiration see ventilation

ASK1 (apoptosis signal-regulated kinase 1) 93

asphyxia 969–93

assisted ventilation in cardiac arrest with 522–3

causes, and their management 975–80

anaphylaxis 1104–5

poisons 1031

definition 969

mechanisms/pathophysiology 969

neurologic injury 973–4

pediatric 523, 970

prehospital, animal models simulating 941

therapeutic considerations 974–5

aspiration

in submersion

vomitus 1092–3

water 1090–1

see also gastric regurgitation and aspiration

ASPIRE trial 595

aspirin 36

anaphylaxis 1107

assessment see evaluation

assisted ventilation/respiration see ventilation, assisted/artificial

association studies, sudden cardiac death 78–9

asthma 979–81

acute severe crisis (status asthmaticus) 972, 980–1

asphyxia 972, 979–81

clinical presentation 979–80

pathophysiology 979

asystole 395

postdefibrillation 727

pacing 492

vasopressin 652, 654, 655

atherosclerotic coronary artery disease 1166–8

premature in athletes 232

athletes/sports participants 1148–98

premature coronary atherosclerosis 232

sudden cardiac death 231, 1148–98, Plate 65.13

epidemiology 1148–52

functional causes 1170–78

structural causes 1152–70

sudden non-cardiac death 1152

atmospheric pressure in aero-medical transport 1129

ATP-sensitive K� (K-ATP) channels

activators 839

commotio cordis 1181

hemorrhagic shock 998, 999

atrial fibrillation 75

familial/genetic 75, 76, 1171, 1176

genetic loci 75, 76

induced hypothermia 866

atrial natriuretic peptide (ANP) 137, 140

critical illness response 148

visceral organ ischemia 318

atrial pacing, long QT syndrome 926

atrioventricular conduction 930

atrioventricular node failure 233

atropine

Brugada syndrome 929

pharmacology 410–11

pulseless electrical activity 441
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atropine (cont.)

routes of administration 629

endobronchial 625

intraosseous 620–1

attention, near-death experience 1255

attenuator, pediatric defibrillation 486

audit

clinical studies 212

public access defibrillation in England 501

Australia

induced hypothermia trial 851–2

public access defibrillation 503

Austrian mountains

air rescue 1129

cardiac arrest unrelated to altitude to 1124, 1125

autoconduction 14

autocorrelation function 419

automated external defibrillators (AEDs) 476–7, 482–95, 810,

1212–13

cost-effectiveness 489–91

elapsed time from cardiac arrest 475

history 482

in-hospital 785

lay responder use 1261

monitoring functions 700

pediatric 485–9, 945, 946

real-time CPR prompting 1258–9

transported 484–5

see also on-site (field/out-of-hospital/prehospital)

resuscitation; public access defibrillation

automatic implantable defibrillators (AIDs) 477

automatic transport ventilators 535

autonomic nervous system, pulseless electrical activity 435

autonomy 1202, 1226

individual professional 1065–6

legal application 1227

patient rights 1227–9

auto-PEEP, pulseless electrical activity 440

autophagy 56–7

AutoPulse 391

complications 794

AutoPulse Assisted Prehospital International Resuscitation

(ASPIRE) Trial 595

awareness during cardiac arrest 1250–1

bacteremia, postresuscitation 819, 824

bacterial overgrowth, intestinal ischemia–reperfusion 302, 319

bacterial translocation, ischemia-induced 311

Bad protein 258

bag–valve 533–4

bag–valve–mask, self-inflating 10

bag–valve–mask ventilation 526, 532

children 559–60, 948

compared with tracheal intubation 559–60

pregnant women 1081

bandages, procoagulant-impregnated 1001

barbiturates 905, 906

baroreflex, hypertension-induced withdrawal 349

barotrauma, drowning victim 1097

basic life support 21–2, 531, 1262–3

accidental hypothermia 1018–19

buying time by 774

children 949

drowning victim

on land 1092–3

in water 1091–2

electrical injury 1142

new tools assisting 482

pregnant woman 1078–80

see also ABC sequence of resuscitation

basophils and anaphylaxis 1109

Battelli, Frederic 15

battery, tort of 1231, 1233

Bax proteins 60–1, 93, 257

apoptosis promotion 258

Bcl-2 family 55, 56, 60–1, 94

apoptosis 257, 258

Beck, Claude 15–16

bedside neurologic examination, postresuscitation patient

888–90

behavioral change, cardial arrest survival 1252–3

behavioral risk factors 32–3

bellows method of ventilation 4, 5–6

Belmont Report (1979) 216, 1227

beneficence 2001

benzene abuse 1032

bereavement counseling 1208–9

beta-adrenoceptor(s), epinephrine actions 639–40, 837

beta-adrenoceptor agonists

asthma 980

Brugada syndrome 929, 1174

pulseless electrical activity 735

beta-blockers 34–5, 640–1

catecholaminergic polymorphic ventricular tachycardia 930

high-altitude illness 1131

long QT syndrome 925

prevention 116

response 75

overdose 1029–31

ventricular fibrillation prevention 116

bias 182

instruments 186

bicarbonate (sodium bicarbonate) 674, 690, 811

antiporters 240

children 953

clinical studies 684–5

detrimental effects 687–8

drowning victim 1095

endotracheal administration 625

end-tidal CO2 707
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historical perspectives 674

intraosseous administration 621

laboratory studies 684

low-flow states 677

non-fibrillatory cardiac arrest 736

postresuscitation 904, 905

special circumstances 688–9

timing 686

see also Carbicarb; TribonatR[O]

bicarbonate ion

buffer 240

deficit estimation 905

metabolic acidosis 677–8

Bichat, Xavier 13

Bid proteins 60–1, 93

biochemical tests see laboratory tests

bioethics 1224–5

biphasic (truncated exponential) waveforms for defibrillation

474

children 487

monophasic compared with 474, 836–7

public access defibrillation in England 501

black people, survival of cardiac arrest 38

bladder lavage, cooling via 858

blankets, cooling 850, 854

bleeding see coagulation/clotting disturbances; exsanguination

cardiac arrest; hemorrhage; hemorrhagic shock

blink reflex 889

blood flow

antegrade 196, 348

buffer therapy 684

cardiopulmonary bypass 607–8

animal models 600–1

cessation of forward 396

chest compression

and decompression 587–8

external 326–42

high-impulse 579–80

interposed abdominal compression 577–8

simultaneous ventilation 586–7

standard 574

CPR 308, 352

instantaneous 196–7

invasive procedures for maintaining 903–4

load distributing band CPR 593–4

measurement 196–203

features 196–7

flow meters 199–203

microsphere method 197–9

microcirculatory 714–15

MRI measurement 202–3

pediatric intervention during phase of no flow 946, 947

phasic 352

retrograde 196

velocity 200

vest CPR 591–2

see also carotid flow; cerebral blood flow; coronary blood flow

blood flow, low 507–15

CO2 and acid–base physiology during 676–7

pediatric intervention during phase of 946, 947, 948–54

pulmonary physiology during 507–10

ventilation during 510–15

positive pressure 516–17

blood gases

low-flow states 508

monitoring/sampling/analysis

CPR 538–9, 677–8, 703, 710

induced hypothermia 868

see also carbon dioxide; oxygen

blood pressure

hemorrhage 997

measurement in CPR 192–6

accuracy 194–6

methods 193–4

monitoring of arterial 701–3

postresuscitation control/management 903

children 955

zero pressure level 195

see also hypertension

blood temperature effects on blood gas measurement 868

blood transfusion, anaphylactic reactions 1107

blood–brain barrier disruption 862–3

body, ownership 1208

body cavity lavage, cooling via 858

Bohr–Haldane effect 508

bone marrow, vascular access see intraosseous vascular access

bosentan in high-altitude illness 1131

bougie (tracheal tube introducer) 561

bowel

postresuscitation function 824

see also intestinal entries; intestines

“bow-tie” concept, in-hospital care 782, 783

bradycardic arrest, sympathetic block-related 1058–9

brain

acid–base changes 681

ATP depletion 396

cardiac output receipt 396

global function loss in cardiac arrest 1254

global ischemia 236–64

growth factor receptors 259

postresuscitation critical care oriented towards 902–18

proto-oncogenes 259–60

selective vulnerability 243–4

sodium bicarbonate-produced CO2 diffusion 685–6

temperature 863–4

selective cooling 858

submersion and 1090

tissue hemoglobin O2 saturation monitoring 714

traumatic injury 516, 975

vascular permeability 862–3
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brain (cont.)

see also cerebral entries; edema, brain/cerebral; ischemia;

neurologic dysfunction; neurologic injury

brain death evaluation 897–8

brain natriuretic peptide (BNP) 137, 147–9

Brain Resuscitation Clinical Trials (BRCTs) 885–6, 887

Brain Resuscitation Task Force at World Congress on Drowning

(2002) 1095, 1097

brainstem, function cessation 396

brainstem auditory evoked potentials 892

brainstem evaluation

bedside 888–90

brain death determination 897–8

Brazil, public access defibrillation 504

breaking bad news 1208–9

breathing

management

children 948

induced hypothermia 853

pregnant women 1078

oxygen-powered devices 534

spontaneous, determining absence 530–1

see also ABC sequence; rescue breathing

bretylium 670

Brugada syndrome 450–1, 926–9, 1171, 1172–4

genetics 74, 75

mutations 115

buccal drug administration 626–7

buffer therapy 677, 682–9, 690

asthma 980

brain acidosis 681

children 953

clinical studies 682–3

comparisons of different buffers 687–8

detrimental effects 685–6

historical perspectives 674–5

laboratory studies 683–4

outcome effects 682–4

postresuscitation 688, 904–5

special circumstances 688–9

timing 686–7

bupivacaine-associated cardiac arrest 1057, 1058

pregnant women 1082

burns, electrical 1141

airway management 1144

from defibrillators 796–7

from lightning 1141–2

butane abuse 1032

bypass see cardiopulmonary bypass

bystander CPR 38, 752, 1258–62

C1 esterase inhibitor use in hemorrhagic shock 1004

CA1 injury, induced hypothermia effects 849–50

calcitonin 133–4

critical illness response 145

calcium

administration

calcium channel blocker and beta-blocker overdose 1030

children 953

non-fibrillatory cardiac arrest 736–7

myocardial

defibrillation effects 836

inotropic agents 841–2

mitochondrial in postresuscitation syndrome 834, 835

neuroexcitatory cardiac arrest 861

calcium channel blockers 906–7

coronary vasospasm prevention 116

local anesthetics 1057

overdose 1029–30

calcium ion(s)

brain concentration 238, 240

calpain/calpastatin system 244–5

cardiac activation 428, 430, 431

cardiac contraction 431, 432

contractile process 428

homeostasis 244–5, 290, 397

ischemic injury 240

kidney ischemia–reperfusion 306

liver ischemia–reperfusion 304

myocardial stunning 286

neuronal levels 243, 244–5

pulseless electrical activity 434

regenerative release 428

reperfusion arrhythmias 289, 290

translation effects 255

troponin affinity 428, 430, 435

calcium ion channels 111, 112

intracellular 286

ventricular fibrillation 103–4

calcium ion currents, �-endorphin inhibitor effects 140

calcium-sensitizing agents 842

calcium–sodium ion exchanger 397

calibration, regulatory aspects 203–4

caloric test 889, 897

calpain/calpastatin system 244–5

calpains

activity 245

calcium ion dependency 244–5

calsequestrin mutations 929–30

CANC2 mutation 922–3

candidate gene studies 78

cannulation and catheterization

cardiopulmonary bypass 606–7

endovascular cooling 856–7

see also arterial cannulation; intraosseous vascular access;

venous cannulation/catheterization

Cantlie, James 18

capacitors 17

Carbicarb (sodium carbonate/bicarbonate mixture) 683–4, 687

postresuscitation use 905
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carbon dioxide

alveolar 705

buffers producing 674, 685–6

end-tidal 341

monitoring 384, 535–8, 705–8, 812

spontaneous gasping 364

exhaled CO2 detection in tracheal intubation 561

expired air 30

intramyocardial 679

low-flow state of ACLS 676–7

management in induced hypothermia 868

measurement of expired 384

mouth-to-mouth ventilation 520

partial pressure (PCO2)

induced hypothermia 868

low-flow states 508

myocardial 53

ventilation effects 510–11

production (VO2) 705–6

tissue

levels 30

monitoring 711–12

transport in blood 508–10

see also arterial carbon dioxide partial pressure;

hypercarbia/hypercarbemia

carbon monoxide poisoning 985–6

carbonic anhydrase inhibitor in high-altitude illness 1131

carboxypeptidases and anaphylaxis 1109, 1110

cardiac activation 428, 431

cardiac arrest

neuronal death 237

see also non-fibrillatory cardiac arrest

Cardiac Arrest Survival Act (2000) 497

cardiac compression pump 327

cardiac compression theory 352

cardiac conduction, slowing 74–5

cardiac contractility 35

intestinal ischemia–reperfusion 303

cardiac contraction

ATP requirement 427

cellular basis 427–8, 429–30, 431–2

contractile process 428

cardiac death

children 30

high-risk subgroups 31

hospital 30–1

incidence 30

outcomes 36–7

unexpected 27, 30–1

see also sudden cardiac death

cardiac disease, unrecognized 231

cardiac dysfunction, liver ischemia–reperfusion 305

cardiac ion channel diseases, genetics 70–8

cardiac massage see open-chest CPR

cardiac output 347

brain receipt 396

CPR 355

excessive assisted ventilation impairing 515–16

experimental postresuscitation studies 818

measurement with trans-esophageal echo 202

monitoring 708–10

peripheral resistance 341

pregnancy and labor 1077

cardiac rhythm, outcome prediction 37

cardiac tamponade 731

pulseless electrical activity 440

Cardiff resuscitation wedge 1079

cardiocerebral resuscitation, out-of-hospital 747, 748–54

components 749

guidelines 749–51

cardiomyocytes

cardiac contraction 427

energy production pathways 396

ischemia 232–3

ischemia–reperfusion 53, 94

mitochondria 60

cardiomyopathy

arrhythmogenic right ventricular 1159–61

“athlete’s heart” and grey area of overlap 1186

dilated 105

ventricular fibrillation 110–13

see also hypertrophic cardiomyopathy

cardiopulmonary bypass 600–8

animal models 600–1

cerebral perfusion pressure 392

myocardial stunning 285, 286

percutaneous, human resuscitation applications 601–8, 903

equipment and circuit 604–5

future use 609

implementation 604

patient preparation and management 606–8

pulseless electrical activity 739

see also extracorporeal circuits

cardiopulmonary resuscitation (CPR) 463–9

adjuncts 382

�-adrenergic agonist use 382–3

advance directives 1202

air flow measurement 203

algorithms 1283, 1284, 1285, 1286

AoD pressure 369–72

aortic pressure changes 354–5

aortic-right atrial pressure gradient 118

bioenergetics during chest compression 241–2

blood flow 308, 326–42

measurement 196–203

blood pressure measurement 192–6

bystander 38, 752, 1258–62

cardiac output 355

carotid flow during 355–6

cerebral blood flow during 355–6
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cardiopulmonary resuscitation (CPR) (cont.)

cerebral perfusion pressure 390

closed chest 391, 396, 397

compression

duration 189

rate 188

coronary flow during 356

coronary perfusion pressure 369–84

courses

development 1268–73

for lay public 1258–60

defibrillation before/after 464–6

early (out-of-hospital) 774

effective 381

elderly people outcomes 961–5

electrical injury victims 1143–4

epinephrine use 382–3

evidence-based medicine 1281–2

external 397

guideline development 1278–9

hemodynamics 352, 354–7

instructional programs 1258

intermittent threshold device 391–2

international concensus 1278–9

interruption effects on hemodynamics 356

invasive 382

laboratory research methodology 179–204

lay responders 1260–2

LUCAS 382, 739, 794

medicolegal aspects 1226–43

MR imaging 191–2

myocardial blood flow 373–7

non-invasive coronary perfusion pressure measurement 383–4

open chest 382, 391

performance quality 1284

pharmacologic interventions 382–3, 395–411

pregnant women 1078–85

pressure transducers 193–4

pulmonary artery pressure changes 354–5

quality 381

chest compression 339

coronary perfusion pressure 378–80

reperfusion 52

arrhythmias 291

reperfusion injury 282–3

sequencing 811

survival 379–80

time-dependence 381

training 1258–73

course development 1268–73

healthcare professionals 1262–4

lay public 1258–62

simulation 1264, 1265, 1266–8

transesophageal echocardiography 354

universal guidelines 1280–1

vasopressin use 308, 309, 310, 383, 390–1

ventilation effects on outcome 517–20

visceral organ ischemia–reperfusion 308–10

volume status 341

withholding 1202–4

see also active compression–decompression (ACD); manual

techniques; mechanical devices; monitoring; open-chest

CPR; safety considerations; vest CPR

cardiovascular disease

global burden 27–8

sudden death 33

vs “athlete’s heart” 1185–7

cardiovascular screening of athletes see screening

cardiovascular system (cardiocirculatory system)

aging effects 958–9

collapse

accidental hypothermia-induced 1020

hemorrhage-induced 995–6

events causing arrest in anesthesia 1050, 1051

hypothermia adverse effects

accidental hypothermia 1015

induced hypothermia 866–7

postresuscitation dysfunction 822–3, 829–47

pregnancy 1076–7

see also circulatory system

cardioverter-defibrillator see implantable cardioverter-

defibrillators

care see medical care

cariporide 838

carotid flow

during CPR 355–6

measurement 203

spontaneous gasping 363, 364

ventricular fibrillation cardiac arrest 350, 353

carotid pulse palpation 699

Case Record Form (CRF) 211–12

case-control studies 208, 209

casinos, defibrillation 499

caspase cascade 257–8

caspase-9 257–8

caspase-activated DNase (CAD) 258

caspase-associated non-apoptotic cell death 56

caspases 57–9

activation 55, 258

pathways 59–60

activity regulation 57–8

apoptosis 861

brain 861

myocardium 833

extrinsic pathway 59–60

inhibition 55

initiator 258

intrinsic pathway 59, 60

substrates 57

castor oil, epoxylated 1107
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catecholaminergic polymorphic ventricular tachycardia (CPVT)

114–15, 451, 929–30, 1171, 1175–6

genetics 76–7

genotype 71

catecholamines 134–5, 910

acidosis 680–1

critical illness response 145–6

hypoxemia/hypercarbia interactions with vasopressor effects

513–15

oxygen impairment in visceral organ ischemia 316

vasopressin combined with 659

cathepsins 305

catheterization see cannulation and catheterization

CBG plasma protein 146

CD11a,b,c/CD18 glycoprotein adherence complex 169

CD40 166

cell death

necrotic 55–6, 237

neuronal 849

programmed 237

see also apoptosis

cell-based myocardial repair 457

cellular risk factors 32

central nervous system

depressant overdose 1031

stimulant overdose 1030–1

central venous acidosis 685–6

central venous blood gas monitoring in CPR 538–9, 710

postresuscitation 910

central venous drug injection 618–19

cephalosporin allergy 1106

cerebral acidosis 863

intra-ischemic 240–1

ischemia–reperfusion 239–40

ischemic injury influence 240–1

cerebral blood flow

buffer therapy 684

carbon dioxide response 243

cerebral ischemia models 237

cessation 237–9

chest compression 574

clinical implications of CPR 390–2

during CPR 355–6, 389–92

determinants 389–90

impaired 1253

improvement 389–92

return of spontaneous circulation 242–3

vasopressin and 650

cerebral edema see edema, brain/cerebral

cerebral ischemia 820

acute focal 977

assessment 1254–5

blood–brain barrier 863

excessive adverse ventilation 516

experimental studies 818

glucose paradox 681

induced hypothermia effects in models of 849–50

cerebral ischemia, global 236–64

activator protein library 260, 261, 262

calpain activity 245

cell signaling 257–8

cellular regulatory systems 259–60

DNA stability/transcription 249

eIF2� hyperphosphorylation mechanisms 254–5

experimental models 236–7

insulin/IGF administration 253

membrane damage 246–8

neuron competence for antioxidant defense 259–60, 261,

262–3

neuronal calcium ion homeostasis 244

nitric oxide production 257

protein synthesis 248–56

splicing 249–50

translation initiation complex formation 251–3

cerebral metabolism

cerebral perfusion pressure 390

induced hypothermia effects 861, 863

cerebral perfusion 902–3

energy metabolism 239

impaired 1255

see also cerebral reperfusion

cerebral perfusion pressure

during cardiac arrest 1255

cardiopulmonary bypass 392

cerebral metabolism 390

chest compression 575

generation by CPR 390

HBOC agents 391

neurological outcome 390

transfemoral balloon catheter aortic occlusion 392

vasopressin 650

cerebral regeneration 907–8

cerebral reperfusion 902–3

optimization 902–4

pathophysiology 757–8, 863

cerebral resuscitation 907

see also cardiocerebral resuscitation

cerebral tissue see brain

cerebrospinal fluid, intracranial pressure 389–90

cerebrospinal fluid creatine kinase BB as outcome predictor 895,

896

cervical spinal cord ligation 390

cervical spine

injury

airway management in 552

drowning victim 1092, 1096

iatrogenic 802

reclination 802

cesarean section 1082–4

c-fos 259–60
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chain of survival 36–7

channelopathies 667–8, 921–9

athletes’ deaths 1170–75

chaos theory 419

charcoal hemoperfusion 318

checklists in anesthesia 1062, 1067

chemical defibrillation 15

chemokines 54

reperfusion during resuscitation 55

chest (thorax)

hair 797

shaving before defibrillation 472, 797

lavage in accidental hypothermia 1021–22, 1022

see also open-chest CPR; transthoracic entries

chest compression 10, 11, 187–94

abdominal pressure 338, 339, 342

active 336

airway collapse 334

airway manipulation 334, 336

arterial compliance 338

arterial resistance 337–8

bioenergetics 241–2

blood pressure measurement 192–6

circumferential 336, 342, 381–2

coronary perfusion pressure increase 380–1

CPR quality 339

definitions 188–90

deformation measurement 191–2

duration changes 332–3, 334

epinephrine 340–1, 342

external 464, 522, 525, 571–6, 786–7, 810

accidental hypothermia 1016, 1018–19, 1022

applicability 576–7

automated external defibrillation 491

blood flow 326–42

children 523, 795, 949–51

complications 576, 577, 792–6

continuous cardiocerebral resuscitation 748–9, 751, 752–3

drowning victim 1092

end-tidal CO2 707

forward flow mechanisms 326–42

high-impulse 579–80

historical background 571–2

infants 523, 949

in-hospital 786–7

phased abdominal compression 591

physiology 573–6

pregnant women 1078–9

pump 327–30, 331, 332–4, 335, 336

recommended compression:ventilation ratio 523, 949

standard technique 571–6

ventilation caused by 527–8

force 187–90

forward flow mechanisms 326–42

impedance threshold device 336

improving 341–2

injury risk 380–1

intrathoracic pressure change 327, 342

load 337

load distributing band 336, 342, 593–5

manual techniques 381

measurement devices 190–1

calibration 191

mechanical techniques 381–2

motion tagging 191–2

MRI Plate 9.10

myocardial perfusion pressure 340

number/minute 380

peripheral resistance 337–8

rate changes 332–3

vascular load optimization 340–1

see also abdominal compression; active compression–

decompression; mechanical devices; vest CPR

chest injury

arrhythmias induced by non-penetrating injury 1178–81

asphyxia due to 977–8

with chest compressions 792–6

children 795

manual chest compression 576, 792

mechanical chest compression 585–6, 793–4

chest radiograph, pulmonary edema 1121

chest wall mechanical expansion/compression 8

children 813–14, 937–57

air travel and SIDS 1128

anesthesia-related arrest 1046–7

breaking bad news 1209

causes of cardiac arrest 813

chest compression 523, 795, 949–51

complications of resuscitation 795, 813–14

defibrillation 482, 485–9, 813, 943–8

automated external 485–9, 945, 946

determinants of 944

doses 944–5

electrodes/paddles 473, 944

drowning 942, 1098–9

drug administration 813–14, 952–4

routes 623, 630, 951–2

vasopressin 656

effectiveness of CPR 940–3

end-of-life care 1234

endotracheal intubation 813

vs bag–mask ventilation 559–60

epidemiology of cardiac arrest 937–40

high-altitude cardiac arrest 1123–4

near-death experience 1246, 1247

postresuscitation care 947, 954–6

rescue breathing 532–3, 948

unexpected cardiac death 30

upper airway patency 529–30

ventilating bag limited to pediatric volume 526
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ventilation 526, 948

see also adolescents; infants; neonates

chin lift, head tilt and 529–30, 531, 552, 802

chlorhexidine, anaphylaxis 1107, 1108

chloride ions, brain concentration 240

chloroquine toxicity 1032–3

cholecystokinin 139

cholesterol, serum levels 34

cholinesterase inhibitor poisoning 1036

chronic obstructive pulmonary disease, asphyxia in 977

cigarette smoking, risk factor 32

circulatory management

anaphylactic shock 983

children 949

drowning victim 1097

induced hypothermia 853

pregnant women 1078–9

see also ABC sequence

circulatory phase of ventricular fibrillation 466, 748

circulatory system

anesthesia-associated circulatory events 1050, 1057

arrest diagnosis 491–2

peripheral 1057

respiratory system interactions with 515

submersion consequences/complications 1089, 1097

see also cardiovascular system

citizen CPR defibrillation 497

see also public access defibrillation (PAD)

c-jun 259–60

clinical research

consent 216–25

hospital-based studies 223–4

pediatric studies 223

clinical research methodology 206–15

analysis populations 212–13

audit 212

confirmatory analysis 207–8

covariates 208

cross-sectional sampling 208

data collection 211–12

efficacy analyses 212

evaluation 212–13

exploratory analysis 207–8

factors 208

interim analyses 212

interpretation of results 212–13

interventional approach 207

interventional studies 209–10

objectives 206

observational approach 207

observational studies 208–9

prospective sampling 208

protocols 206

responses 208

retrospective sampling 208

risk stratification 220–1, 222, 223

safety analyses 212

sample sizes 211

statistical methods 213

study design 206–11

study population 210–11

study types 208–10

summaries 210

validity of study 206–7

clinical trials

consent 217

randomized controlled trials 209–11

clotting see coagulation/clotting disturbances

cluster-randomized trials 210

CNS stimulant overdose 1030–1

coagulation/clotting disturbances

anaphylaxis 1110

postresuscitation 823–4, 864, 869

experimental studies 818

trauma victim management 1001

Cobb, Leonard 20

cocaine abuse 33, 1030–1, 1182

cognition

during cardiac arrest 1253–5

correlates 1248

cognitive effects of survival 1251, 1252–3

cohort studies 208, 209

cold, urticaria induced by 1108

cold shock proteins 865

comatose patient 976–7

asphyxia risk 975, 976–7

determination/diagnosis of coma 897

immobilization 905

postresuscitation neurologic examination 887–8

prognostication 890

Combitube (esophageal-tracheal) 554, 557–8

complications 804

combustible agents and defibrillators 800, 801

commercial entities, study approval delays 219

common law 1226, 1231

competent adults 1235

commotio cordis 230, 1178–81

communities

bystander CPR 1258–9

cardiac arrest 484–5

community consultation 217

levels 222–3

risk stratification 220–1, 222

standardization 219

template 220–3

competence in end-of-life decision-making

competent adults 1235–6

formerly competent adults 1237

minors 1236

never-competent adults 1239
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complement activation in hemorrhagic shock 1004

complement system, liver ischemia–reperfusion 304

compression force

definitions 188–90

direction 187

force–time course 188

frequency characteristic 187–8

maximum 189

measurement 187

plateau 190

compressions see chest compression

computed tomography in neurologic outcome prediction 872,

891–2

conduction

AV, congenital accessory pathway supporting 1177

failing heart Plate 6.7

hibernating myocardium 110

ischemia Plate 6.3

progressive disorders 1171

restitution 103

velocity in heart failure 112

conduction block, genetic loci 75

confidence intervals 186

congenital heart disease

hypertrophic cardiomyopathy associated with 1157

pulmonary artery hypertension at high altitude and 1124

congestive heart failure, pulseless electrical activity 440

coniotomy 804

consciousness

during cardiac arrest 1250–1, 1253–5

impaired

asphyxia risk 976–7

in high-altitude illness 1130

neuronal activity 1254

consensus development for resuscitation 1278–85, 1286

consent for research 216–25

community consultation 220–3

European Union 224–5

in-hospital studies 223–4

pediatric studies 223

public disclosure 220–3

regulation 21 CFR 50.24 218, 219

see also informed consent

conservator appointment 1228, 1238

constitutional law, competent adults 1235

continuous positive airway pressure (CPAP) 362, 517

adjunctive and pressure support ventilation 528

asthma acute severe crises 981

cardiac output impaired by 515

drowning victim 1093, 1095

pulseless electrical activity 440

trauma and associated hemorrhagic shock 996–7

venous return impaired by 517

contrast media, anaphylactic reactions 1107

convulsions see epileptic activity/seizures/convulsions

cooling methods for induced hypothermia 788, 850, 851

animal studies 849

body cavity lavage 858

neurologic outcome related to 853

coronary angiography

immediately following resuscitation 764–5

myocardial bridging 1164, 1165

coronary artery

abnormalities associated with sudden death 922, 1161–4

congenital vs acquired 1161–2

hypertrophic cardiomyopathy 1157

congenital anomalies 231

fibrous plaque Plate 65.21

thrombotic occlusion Plate 65.20

tunneled 1164, 1165

coronary artery disease 764–71, 1166–8

atherosclerotic 232, 1166–8

elective high-risk interventions 603

incidence 30

mountain tourism and risks in 1124–5

pathogenesis 1167–8

prevention strategies 455–7, 1168

sudden death 449

see also percutaneous coronary intervention

coronary atherosclerosis 1166–8

premature in athletes 232

coronary blood flow 327–8, 348

abdominal binding 338

angiotensin II effects 662

antegrade 372

cardiopulmonary bypass animal models 600

chest compression

high-impulse 579

and simultaneous ventilation 586–7

standard technique 574

compression phase of CPR 371–2

coronary lesion effects 376–7

coronary perfusion pressure 373–7

coronary stenosis 376–7

during CPR 356, 373–7

retrograde 372

ventricular fibrillation 350–2, 353

vest CPR 591

coronary care unit, mobile 18–19

coronary heart disease, sudden deaths 27–8

coronary perfusion, induced hypothermia effects 867

coronary perfusion pressure 350–2, 353, 700–1

�-adrenergic agonists 382–3

adrenocorticotropic hormone 129–31

calculation 370–1

during cardiac arrest 1254

cardiopulmonary bypass animal models 600

chest compression 340, 370–1, 574, 575

chest relaxation 370–1

corrections 372
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during CPR 369–84

CPR quality 378–80

critical closing pressure 370, 373

definition 372

determinants 369–70

diastolic gradient 370–1

epinephrine use 382–3

ET-1 effects 375–6

impedance inspiratory valve 382

load distributing band CPR 593, 594

maximizing 380–1

mechanical increase 441

monitoring 700–1, 812

myocardial blood flow 373–7

non-invasive measurement 383–4

outcome improvement 380–3

pharmacological increase 441

phenylephrine 383

positive airway pressure effects 362

positive systolic gradients 372

pulseless electrical activity 436, 441

recovery of spontaneous circulation 356–7

resuscitability 679–81

resuscitation

outcome 377–8

time effects 377

ROSC 380

sodium bicarbonate 685

survival of monitored patients 378, 379

vasopressin 383

combined with epinephrine 653, 657

compared with epinephrine 649, 652, 653, 657

ventricular volumes 362

coronary sinus origin, wrong 1162–4

coronary stenosis, myocardial blood flow 376–7

coronary stenting in myocardial bridging 1166

coronary syndromes, acute, sudden death 33

coronary vascular resistance 373

coronary vasospasm 1168

prevention 116

corticosteroids 906

asthma 980

high-altitude illness 1131

corticotropin-releasing hormone (CRH) 130

cortisol 135–6

critical illness response 140, 146

production regulation 130

serum levels 136

cost(s)

components 1215–16

emergency medical services 1214–16

cost per QALY 1217, 1218, 1219, 1223

cost-effectiveness, automatic external defibrillators 489–91

cost-effectiveness analysis 1213–16

perspective 1213–15

cough maneuver 328–9, 352

Council for International Organizations of Medical Sciences

(CIOMS) 216

countershock 15

C-peptide 263

cranial nerve testing

bedside 888–90

brain death determination 897–8

C-reactive protein (CRP) 32

creatine kinase (CK)

CSF BB (brain) isoenzyme as outcome predictor 895, 896

defibrillation-associated serum elevations 797

cremophore, anaphylaxis 1107

cricoid pressure 6, 561–2

pregnant women 1078

cricothyr(oid)otomy 562–3, 804

asphyxia 974, 975, 976

complications 804

Crile G. 369

Criley, Michael 20, 328

Crisis Resource Management 786

critical illness

consent for research 217

neuroendocrine response 139–50

critical incident reporting systems 1067

crush injury, thoracic 977–8

Cullen, William 5–6

current, alternating and direct 1139

Cx43 protein 112, Plate 6.6

cyanide poisoning 986, 1036–7

cyclic AMP and inotropic agents 841, 842

cyclo-oxygenase inhibitors, non-selective 1107

cyclophylin D 95

cytochrome c 256, 257

apoptotic signaling 833–4

caspase cascade 257, 258

cytochrome oxidase 256

redox status determination 714

cytochrome P450 system 53–4

cytokines 54

anti-inflammatory cascade 163–4

gut decontamination 318

immune response 62

kidney ischemia–reperfusion 307

peptide 304

postischemic organ injury 166–7

proinflammatory

cascade 163–4

trauma 1002

reperfusion during resuscitation 55

reperfusion injury 163–7

damping coefficient 184–5

dander, animal 1105

Data and Safety Monitoring Board (DSMB) 212
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data for clinical studies

collection/exchange 211–12

monitoring 212

day-surgery, anesthesia-associated arrest risk 1058

dead space 527

death

anesthesia-related 1044, 1045, 1048

asthma 977

child, devastating family impact 937, 1098–9

closure 1209

diagnosis 1205

drowning victim on-site vs in-hospital 1094

electrical injury epidemiology 1136–7

high-altitude/mountain

Himalayas 1125, 1126, 1127

recreational activity before 1126

postresuscitation 829

post-traumatic multi-organ failure 994, 1002–5

staff debriefing 1209

see also brain death; cell death; sudden cardiac death; sudden

infant death syndrome; sudden non-cardiac death;

suicide; survival

death-induced signaling complex (DISC) 60

decision-making 1227

accidental hypothermia 1019, 1020

drowning 1019, 1093, 1094, 1096

end of life care 1235–41

formerly competent adults 1237

healthcare law 1230–1

medical futility 1240–1

minors 1236

never-competent adults 1239

postresuscitation 788–9

surrogate 1236–9

Declaration of Helsinki 216, 224

deferoxamine 287

kidney ischemia–reperfusion 306

defibrillation 11, 12–17, 117–18, 470–505

attempted Plate 21.2

biphasic waveform 117

cardiocerebral resuscitation 748, 749, 751

activities following 751

single shocks 751

chemical 15

cost-effectiveness analysis 1213–16, 1216–18

CPR before or after 464–6

early (out-of-hospital) 774–5

ECG rhythm analysis for estimating success 716

economics 1212–24

electrical shock victims 1143–4

future 476–8

history 470

hypothermia 473, 856, 1019, 1022

experimental studies 1016–17

lay responder 38–9

obsolescent equipment 813

outcome prediction Plate 21.4

probability of successful (PROSC) 716

pulseless electrical activity following 727

resistance to 830

safety considerations 475–6, 792, 796–801, 813

myocardial damage risk 797–8, 835–6

scientific background and theory 470–3

success 423

sudden cardiac death 1212

transesophageal 474

transthoracic (external) 470–81

home access 477–8, 483, 491, 499

ventilation effects on 511–12

see also automated external defibrillators; public access

defibrillation

defibrillator pads, self-adhesive 796, 801

defibrillators

alternating current 16, 17

automated units 21

automatic implantable 477

biphasic waveforms 17

capacitors 17

closed-chest 16

cost 1213, 1215–16

cost-effectiveness 1213

direct current 17

maintenance costs 1215–16

portable 17

public access 1213, 1215, 1216–18, 1223

time recording 29

training costs 1215–16

see also automated external defibrillators; electrodes

(defibrillator paddles)

delayed rectifier potassium current 104

dephlogisticated air 7

depolarizations

mitochondrial membrane potential 257

spreading depression-like 865

see also afterdepolarizations; early afterdepolarizations

depressant (CNS) overdose 1031

desensitization to allergens 1105, 1112

desmopressin, oral transmucosal 627

detoxification techniques, experimental studies 818–19

devices, non-approved 220

dexamethasone, high-altitude illness 1131

dexmedetomidine, arrest risk 1056

diabetes

of injury 149

risk factor 34

diapedesis 169–70

diaspirin cross-linked hemoglobin see hemoglobin, stroma-

free/diaspirin cross-linked

diastolic dysfunction

myocardial stunning 283
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postresuscitation 831

diastolic ventricular interaction 358

dietary management of heart disease 454, 456

dietary supplement abuse 1181–2

digitoxin toxicity 1035–6

digoxin 35, 1035–6

dilated cardiomyopathy 105

diluent, endotracheal drug administration 622–3

diphasic waveforms see biphasic (truncated exponential)

waveforms for defibrillation

direct current (DC)

and AC relative dangers 1139

lightning strike 1140

direct mechanical ventricular assistance devices 609

disinfectants, anaphylactic reactions 1107–8

disposable/single-use devices

laryngeal mask airway 556

laryngeal tube 558–9

self-adhesive defibrillator pads 474

diuretics

high-altitude illness 1130–1, 1131

ventricular fibrillation 105–6

diving reflex 1088

DNA

cerebral ischemia 249

mutations 398, 403

polymorphisms 403, 404

replication blocking 259

do not (attempt) resuscitate (DNR/DNAR)

orders 1203, 1226

status 786, 788

elderly people 966

dobutamine, postresuscitation 823, 841

Dolley D.H. 369

doll’s eye sign 889

Doppler studies

flow meters 202

myocardial bridging 1166

Down syndrome and high-altitude pulmonary edema in young

adults 1123

drowning (near-drowning; submersion; immersion) 5, 6–7, 978

asphyxia due to 978

complications in ICU 1096–8

definition and data collection 1088–9

epidemiology 1088

management 1091–6

decision-making 1–17, 1093, 1094, 1096

pathophysiology 1089

pediatric 942, 1098–9

recognition of drowned person 1089

drug(s)/drug therapy 34, 35, 614–63, 811–13

administration routes 400

anaphylactic reactions 1106–7

epidemiology 1104

anaphylaxis/anaphylactic shock 983, 1111–12

asthma 979

acute severe crises 980

Brugada syndrome 928, 1174

Brugada-like ECG patterns induced by 928, 928–9

cardiovascular disease risk management 454, 456

clearance 402

concentration time course 401–2

delivery determinants 399, 400

distribution 400–1

drowning victim 1093, 1095

electrical injury 1144

elimination 400, 402

half-life 400

high-altitude illness 1130–1

hypertrophic cardiomyopathy 1159

hypothermia (accidental) 1016–17

hypothermia (induced) 857–8

preventing shivering 869

interactions 403

level of consciousness obscuring 1205

loading dose 402

long QT syndrome

acute management 926

causation 452, 1054, 1172

preventive management 925

metabolism 402

induced hypothermia effects 869

myocardial bridging 1166

non-approved 220

non-fibrillatory cardiac arrest 669

AHA guidelines 729

epinephrine vs vasopressin 651–2, 654, 655, 735

overdoses causing pulseless electrical activity 436, 440, 441

pharmacokinetics and induced hypothermia effects 869

plasma concentration 400

postresuscitation 906–7

myocardial dysfunction 835, 837–40, 841–2

neuroprotection 906–7

pregnant women 1081–2

pulseless electrical activity 669

AHA guidelines 729

epinephrine vs vasopressin 651–2, 654, 655, 735

induction 436, 440

routes of administration 614–36, 809–10

children 623, 630, 951–2

historical review 614–15

pregnant women 1079

recommendations 629–30

sensitivity 402

steady state level 401, 402

sudden cardiac death caused by 452

target interactions 402

toxicity 402–3

transport 404–5

transport molecules 403
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drug(s)/drug therapy (cont.)

volume of distribution 402

see also children, drug administration; named drugs; poisoning;

substance abuse

dust, anaphylaxis 1105–6

duty cycle 189

pediatric chest compression 949

dye injection, peripheral venous drug administration studies 615

dysrhythmias see arrhythmias/dysrhythmias

early afterdepolarizations 111, 112

reperfusion arrhythmias 289, 290

ECG see electrocardiogram

echinococcosis (hydatid disease) 1106

echocardiography

athletes

compared with hypertrophic cardiomyopathy 1187

screening 1184–5

high-altitude pulmonary edema 1121

postresuscitation myocardial dysfunction recognition 840

transesophageal 354

edema, brain/cerebral 862–3, 1121–2

high-altitude (HECE) 1118

children/young adults 1123

clinical presentation 1122

progression to arrest 1122, 1123

treatment 1130

edema, pulmonary 981–2

high-altitude (HAPA) 1118, 1120–1

ancillary tests 1121

children/young adults 1123, 1124

clinical presentation 1121

pathophysiology 1120

progression to arrest 1122, 1123, 1124

treatment 1130, 1131

education and training

anesthesia-associated arrest prevention and management

1063–7

costs for defibrillators 1215–16

course development 1268–73

evaluation instruments 1270–1

field testing 1272–3

instructional goal 1269–70

instructional materials revision 1272

instructional outline development 1271

instructional strategies/materials 1271–2

learning objectives 1270–1

needs assessment 1269–70

pilot test program 1272

program roll-out 1273

quality assurance monitoring 1273

target audience analysis 1270

courses 1283

CPR 1258–73

course development 1268–73

healthcare professionals 1262–4

lay public 1258–62

simulation 1264, 1265, 1266–7

frequency of skill use 1259–60

healthcare professionals 1262–4

hypothermia (therapeutic application) 787–8

in-hospital personnel 785, 786

lay public 1258–62

lay responders 1260–62

life support

advanced 1263–4

basic 1262–3

mouth-to-mouth ventilation 522

pregnant arrested women 1084–5

program development 1268–73

on recently dead 1205

simulation 1262, 1263, 1264–6

skills retention 1259–60

educational R&D/QA model 1266–71

eicosanoids

kidney ischemia–reperfusion 306–7

liver ischemia–reperfusion 304

ejection fraction 456

sudden cardiac death risk stratification 452

Elam, James 9, 10

elder/older persons 958–68

ethical issues 966

future directions 966

outcomes of CPR 961–5

prognosis after return of spontaneous circulation 965–6

therapeutic considerations 966

electrical disorders, primary 70, 114–15

electrical pacing 15

electrical phase of ventricular fibrillation 466

electrical shock

accidental 1136–47

asphyxia 977

clinical manifestations 1140–42

epidemiology 1136–7

pathophysiology 1138–40

prevention 1137–8

prognosis 1144

referral and definitive care 1144–5

resuscitation 1142–5

discontinuing exposure 1143

see also defibrillation

electrical therapy 12–17

electricity 12

direct effects on heart 15

see also burns, electrical; lightning strike

electrocardiogram (ECG)

arrhythmogenic right ventricular cardiomyopathy 1160

athletes

“athletes heart” vs hypertrophic cardiomyopathy 1185–6

for screening 1184
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Brugada syndrome 926, 927, 1173

commotio cordis 1179, 1180, 1181

high-altitude pulmonary edema 1121

hypertrophic cardiomyopathy

risk stratification for sudden death 1159

vs physiological hypertrophy 1185–6

local anesthetic adverse effects 1058

long QT syndrome 924, 1171

monitoring via 700

automatic external defibrillator 476

estimating success of defibrillation 716

myocardial bridging 1165

pediatric arrhythmia identification by AEDs 487, 488

pulseless electrical activity 426, 436–8, 726, 727, 728

signal averaged 116

sudden cardiac death risk analysis 452–4

ventricular fibrillation 102, 104

Wolff–Parkinson–White syndrome 930, 931

electrochemical battery 13

electroconvulsive therapy, asphyxia complicating 977

electrocution 15

electrodes (defibrillator paddles) 473–4

burns risk 796, 797

force 472

orientation 472

pediatric 473, 944

position 473–4

sparks 476, 800, 801

electroencephalogram (EEG)

cerebral ischemia assessment 1254–5

neurologic outcome prediction 872, 892–4, 896

electrolyte disturbances

induced hypothermia 866, 867–8

intra-operative 1052

submersion 1091

ventricular fibrillation 105–6

electromagnetic interference with defibrillators from implantable

devices 799

electromechanical dissociation see pulseless electrical activity

(PEA)

electron transport 256–7

electron transport chain, postresuscitation myocardial

dysfunction 833, 834

electrophysiologic processes underlying sudden cardiac death

921–2

electrophysiologic testing

neurologic outcome prediction 871–2, 891, 892–3

sudden cardiac death risk stratification 455

Elijah, prophet 3

embolism see pulmonary embolism

emergency department

anesthesia and sedation 1061

drowning victims in 1093–6

elder persons’ visits 958

emergency medical services (EMS)

costs 1214–16, 1224

databases 29

defibrillation cost-effectiveness 1216–18

dispatch centers 29

dispatchers/personnel 772–81

cardiocerebral resuscitation 749

clinical studies of CPR in VF patients on arrival 467

helicopter 1128–9

lightning strike and provision of information 1142–3

transtelephonic resuscitation instructions 464

ventilation deleterious effects 753–4

economic evaluations 1217

economics 1216–18

funding level 1223

incremental costs 1216

optimal size 1218–22

process regional variation 36

providers for lay responder defibrillation 38

resource use 1223

response time 1221–22, 1224

survival rate 1224

teams 1203, 1204

total benefit to patient estimation 1219–20

total cost estimation 1217, 1219

total net benefit estimation 1218–20

treatment intervals 39

Emergency Medical Treatment and Active Labor Act (EMTALA)

1228–9

emergency patients, consent for research 217

emergency research

consent 216–25

exception from informed consent requirements 217, 218

emotional factors 33

cardiac arrest survivors 1251–2

encephalopathy see hypoxic–ischemic (hypoxic–anoxic)

encephalopathy

end-of-life decision-making 1235–41

competent adults 1235–6

formerly competent adults 1237

medical futility 1240–1

minors 1236

never-competent adults 1237

surrogate 1236–8

EndoG 61, 62

endoplasmic reticulum (ER) stress response 94

PERK activation 255

�-endorphins 130–1, 140

endothelial dysfunction in hemorrhagic shock 1004

endothelin (ET)

critical illness response 147, 148

induced hypothermia 864

use 662

endothelin 1 (ET-1) 137

coronary perfusion pressure 375–6

critical illness response 147
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endothelin antagonist in high-altitude illness 1131

endothelium

activation 168–9, 172

critical illness response 147

endocrine function 137

leukocyte adherence 168

endothelium-derived contracting factor 137

endotoxins 824

gut decontamination 318

intestinal ischemia–reperfusion 302

endotracheal drug administration see tracheal drug

administration

endotracheal intubation see tracheal intubation

endovascular cooling 853, 856–7

endoxemia, catecholamines 145–6

end-tidal CO2 monitoring see carbon dioxide, end-tidal

energy

consumption by brain with submersion 1090

protein synthesis requirement 249

energy levels for defibrillation 835–6

accidental hypothermia 1017

guidelines 474

children 486, 944–6

myocardial damage 835–6

energy metabolism

early reperfusion 239

ischemia 237–9

energy production in cardiac arrest, myocardial 833

deficits 829–30, 833

England

ambulance services 502, 503

public access defibrillation 499, 500–3

environment

risk factors 32

anesthesia-related arrest 1050, 1052–5

risk of defibrillators to 476

ephedrine-containing supplements 1181–2

epidemiology of sudden cardiac death see sudden cardiac death,

epidemiology

epileptic activity/seizures/convulsions

generalized 977

induced hypothermia and 865

prognostic value 895–6

see also anticonvulsant therapy

epinephrine 134, 135, 639–40, 671, 734

actions/effects 641, 642, 837

at adrenoceptors 639–40

adverse 734, 837

end-tidal CO2 monitoring 536, 707

hypoxemia/hypercarbia interactions with pressor effects

513–14, 515

anaphylaxis 985, 1111–12

self-injectable 1112–13

angiotensin II compared with 662

asthma severe acute crises 981

bicarbonate effects on 685

blood flow in CPR 308, 309

chest compression 340–1, 342

children 952, 952–3

coronary perfusion pressure 382–3

during CPR 310, 382–3

critical illness response 145–6

high-dose 383

insulin interrelationship 263

myocardial oxygen demand 287

non-fibrillatory cardiac arrest 734

compared with vasopressin 651–2, 654, 655, 735

oxygen impairment in visceral organ ischemia 316

pharmacology 405–6

pulseless electrical activity 438, 441, 734

vasopressin comparison 651–2, 654, 655, 735

routes of administration 629

aortic arch 628–9

endotracheal 623–4, 952

intraosseous 620–1

nasal transmucosal 628

oral transmucosal 627

peripheral venous 616

vascular load optimization 340–1

vasopressin 671

combined with or sequential/alternating 652–5, 657–8,

662–3, 671

compared with, animal studies 649–50, 652

vasopressin compared with, clinical studies 624, 656, 657,

658

children 953

pulseless electrical activity 651–2, 654, 655, 735

epoxylated castor oil, anaphylaxis 1107

equipment

anesthesia-related causing arrest 1050, 1053

defibrillator-associated risks 476

electrical shock

clinical manifestations 1140–1

epidemiology 1136–7

pathophysiology 1148–9

prevention 1137–8

erythrocytes see red blood cells

erythropoietin 138

critical illness response 149

use 840

E-selectin 168, 169

esmolol 640–1

Esophageal Gastric Tube Airway (EGTA) 4, 804

Esophageal Obturator Airway (EAO) 803–4

esophageal-tracheal Combitube see Combitube

esophagus

Combitube placement 557, 804

defibrillation via 474

tracheal tube misplacement 560, 803

detection 561
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estradiol, critical illness response 147

estrone, critical illness response 147

ethics/ethical issues 786

research 220–1

resuscitation 1201–2, 1227–9

eukaryotic initiation factor 2� (eIF2�) 252–3

hyperphosphorylation mechanisms 254–5

message selection 253–4

phosphorylation 256

eukaryotic initiation factors (eIFs) 251–3

phosphorylation 252–3

Europe

induced hypothermia studies 851, 852, 854

public access defibrillation 499–503

vasopressin compared with epinephrine multicenter study

651–2, 653–5, 656

European Resuscitation Council (ERC)

links in chain of survival 773–6

major medical problems of prehospital care impacting on

survival 772

European Society of Cardiology screening protocol for athletes

1183, 1188

European Union, consent for research 224–5

euthyroid sick syndrome 145

evaluation of patient

brain death 897–8

for induced hypothermia 853

non-fibrillatory cardiac arrest 728–9

postresuscitation patient 887–91

Eve, Frank 8

evidence-based medicine 1281–3

evoked potentials 892

brainstem auditory 892

somatosensory 821, 871–2, 892, 893, 896–7

examination

neurologic of postresuscitation patient 887–91

physical in non-fibrillatory cardiac arrest 728

excitotoxic neurotransmitter hypothesis 243

exercise/exertion 33

cardiovascular disease risk management 455, 456

consequences

complex 1183

functional/physical/benign 1186–7

heavy 33

long QT syndrome recommendations 925–6

see also athletes/sports participants

expiratory phase of respiration in rescuer ventilation 521

exsanguination cardiac arrest, suspended animation 872–3

extracellular signal-regulated kinase 1 (ERK1) 90, 95, 96, 97

extracellular signal-regulated kinase 2 (ERK2) 90, 95, 96, 97

extracellular signal-regulated kinase 5 (ERK5) 92

extracorporeal circuits

cooling in induced hypothermia 857

rewarming in accidental hypothermia 1022–3

visceral organ ischemia therapy 318

see also cardiopulmonary bypass; membrane

oxygenation/oxygenator

eye opening in Glasgow coma scale 888

face masks 533

facial (4th cranial) nerve testing 889

factor VIIa, recombinant 1001

FADD protein 60

FADH complex 256

fainting episodes 1255

family

breaking bad news 1208–9

impact of child death 937, 1098–9

presence at resuscitation 1205–6

Fas/Fas ligand pathway 55

Fas-ligand (FasL) 166

fatty acids

nonesterified 32

oxidation 396

FDA, emergency research 217

Federal Child Abuse Prevention and Treatment Act (1984) 1236

females, defibrillator electrodes 473

femoral artery

cannulation in cardiopulmonary bypass 606–7

pulse palpation 699

femoral vein cannulation

cardiopulmonary bypass 606–7

drug administration 618

femoropopliteal bypass 602

ferritin 247

fetal physiology/outcome/management in maternal arrest

1078

fever (pyrexia), postresuscitation 824

as neurologic outcome predictor 863–4

see also hyperthermia

fibrillation 12

see also atrial fibrillation; defibrillation; ventricular fibrillation

fibrinolysis, postresuscitation 823–4

fibroblast growth factor 262

field resuscitation see on-site (field/out-of-hospital/prehospital)

resuscitation

filament proteins in hypertrophic cardiomyopathy 1154

Finland, public access defibrillation 503–4

fire air 7

fire risk from electrical equipment 1137–8

defibrillators 476, 800–1

fire service 19–20

automated external defibrillators 485, 503

first responder 785

defibrillation 774–5, 785

lay 476, 484, 497–8, 499, 503

non-traditional 497

traditional 497

UK 500, 503

US 497–8, 499
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first responder (cont.)

in-hospital 785

schemes 21

fixatives, anaphylactic reactions 1107–8

flammable (combustible) agents and defibrillators 800, 801

flow see blood flow

flow meters 199–203

electromagnetic 200–1

laser Doppler 202

phasic blood flow measurement 203

sinusoidal 201

square-wave 201

transformer voltage 201

transit-time ultrasonic 201–2

ultrasound Doppler 202

zero flow variation 201

flow probe

cannulating 199, 202, 203

intravascular 199–200

perivascular 199, 200, 201, 202, 203

fluid management/resuscitation

asthma 980

cardiac tamponade 731

electrical injury 1144

hemorrhagic shock 659, 1001–2

hypovolemia 729

pregnant arrested women 1081

flunarizine 907

fluoride toxicity 1034–5

flying see aircraft; helicopters

follicle-stimulating hormone (FSH) 142

food allergy, epidemiology 1104

force cells 190–1

forebrain global ischemia models 237

foreign body, airway obstruction 522–3, 975, 976

formaldehyde, anaphylaxis 1107, 1108

formerly competent adults 1237–9

fos-jun response 260

FOUR system 888

Fourier transforms 419–20

fracture risk with chest compressions see skeletal injury

Frank–Starling relationship 357

myocardial contraction 431

free fatty acids (FFA), cerebral ischemia 247

free radical hypothesis 244

free radicals

injury prevention in visceral organ ischemia 314–15

liver ischemia–reperfusion 304

production

hemorrhagic shock 1003

induced hypothermia 862

reactive oxygen species 53, 90, 240–1

generation 247–8

mitochondrial generation 257

myocardial stunning 286–7

NADPH oxidase 170

SAPK ischemia/reperfusion-induced activation 92–3

reperfusion-related myonecrosis 292

see also superoxide; superoxide dismutase

Full Outline of UnResponsiveness (FOUR) system 888

fundamental rights, implied 1231–2

furosemide, high-altitude illness 1130–1, 1131

futility, care 1227–9, 1236, 1240–1

G protein-coupled receptors 132

gag response/reflex 889–90, 898

Galen 3

Galvani, Luigi 13

gases

exchange in lung 508–10

postresuscitation experimental studies 818

mouth-to-mouth ventilation 520–1

supply for cardiopulmonary bypass 605

tissue monitoring 711–14

see also blood gases; carbon dioxide; oxygen

gasping ventilation 528, 753

spontaneous 363–4

gastric capnometry (PgCO2) 711, 712

gastric insufflation/distension 802

positive pressure ventilation 523–7, 802

tracheal intubation vs bag-mask ventilation 560

gastric lavage, cooling via 858

gastric position and problems in pregnancy 1078

gastric regurgitation and aspiration 802

positive pressure ventilation 523–7

tracheal intubation vs bag–mask ventilation 560

gastric tonometry 319–20

gastrin-releasing peptide 139

gastrointestinal intramucosal pH (pHi) monitoring 319–20

gastrointestinal tract

critical illness response 149–50

endocrine function 138–9

gut decontamination 318

hemorrhagic shock 1003

lightning strike-related damage 1141

postresuscitation function 824

in pregnancy 1078

see also esophagus; intestinal entries

gel electrophoresis 80, 81, 82

gender

skeletal fracture risk with chest compression 795

sudden death in athletes 1148–9

vs non-athletes 1153

survival of cardiac arrest 38

general anesthesia

arrest in 1055–6

outside operating room 1060

stages of perception 1250–1

genes

mutations 398, 403
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polymorphisms 398, 403, 404

genetic analysis strategies 70–2

genetic susceptibility loci 79

genetic variability, pharmacological effects 398

genetics (genetic factors/disorders) in sudden cardiac death 106,

450–1, 811, 922–30, 1152–61

channelopathies 667–8, 921–9, 1170–5

genomic structure assessment 79

genomics 70, 71

ghrelin 131–2

Glasgow coma scale, postresuscitation patient 888, 890, 891

glibenclamide, reperfusion arrhythmias 290

global burden of illness 27–8

glossopharyngeal (9th cranial) nerve testing 889–90

glucagon

calcium channel blocker and beta-blocker overdose 1030

pulseless electrical activity 737

glucose

blood

cerebral ischemia and the glucose paradox 681

in-hospital monitoring 788

levels 149, 150

pediatric postresuscitation management 955

brain and effects of induced hypothermia 863

oxidation 396

see also hyperglycemia; hypoglycemia

glucose transporters (GLUT 1–4) 138

glutamate receptors 243

glutamate release in global ischemia 243–4

glutathione, liver ischemia–reperfusion 304

glyceryl trinitrate patches, defibrillation hazard 476, 801

glycolysis 396

anaerobic causing pulseless electrical activity 435

glycoprotein p67 254–5

glycoside, cardiac, poisoning 1035–6

gonadal insufficiency, hypogonadotropic 147

gonadotropins, critical illness response 142

gonads, critical illness response 147

good laboratory practice, calibration 203–4

Good Samaritan law (USA) 497–8

Gordon, Archer S. 8–9, 10, 11–12

Grace, William 19

GRADE Working Group guideline development sequence 1279

great vessels, chest compression-related complications 577

growth factors, neuronal survival 262

growth hormone (GH) 131–2

critical illness response 141–2

guanosine triphosphate (GTP) 249

guideline development for resuscitation 1278–85, 1286

evidence-based 1281–2

implementation 1283

reviews 1284

science 1283

guidelines

cardiocerebral resuscitation 749–51

cardiopulmonary resuscitation and emergency cardiac care

(international)

2000 Guidelines 675, 678–9

2005 Guidelines 690

energy levels for defibrillation 474

children 486, 944–6

GRADE Working Group guideline development sequence

1279

NAEMO/ACSCOT Committee on Trauma 995

see also American Heart Association (AHA) guidelines for CPR

and emergency CV care

Guidelines 2000 conference 1280–1

gut decontamination 318

Haber–Weiss reaction 306

inhibition 287

HACA (Hypothermia After Cardiac Arrest) trial 851, 854

hair see chest

Hall, Marshall 8

Harvey, William 4

head, defibrillatory countershocks 799

head tilt/chin lift maneuver 529–30, 531, 552

healthcare decision-making 1290–1

healthcare professionals

accidental electrical shock

from defibrillators 475, 799–800, 813

electrical shock victim rescue 1143

automated external defibrillator use 485

paramedics 19–21

resuscitation decision-making 1204–5

witness of cardiac arrest 39

training 1262–3

see also emergency medical services (EMS); human factors;

rescuer/responder; teams

healthcare provider duty 1234

heart

acid–base changes 679–81

acidosis effects 680, 733

“athlete’s heart” vs cardiovascular disease diagnosis 1185–7

chest compression-related complications 577

conducting regions 82

contractile tissues 83

critical illness response 147–9

electricity direct effects 15

endocrine function 137

functional abnormalities associated with sudden death

1170–78

injection into 625–6

historical review 615

postresuscitation complications 822, 829–47

pump failure in anesthesia causing arrest 1050

treatment 1062

structural abnormalities associated with sudden death

1152–70

tamponade 731
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heart (cont.)

valvular disease 1168–70

see also arrhythmias/dysrhythmias; cardiac entries;

cardiopulmonary bypass; conduction; congenital heart

disease; open-chest CPR

heart disease

structural 232, 1152–70

see also coronary artery disease

heart failure

action potentials 110

apoptosis 57

sudden death 449–50

heart tissue, proteomics 82–3

heat, urticaria induced by 1108

heat exchanger, cardiopulmonary bypass 605

heat shock proteins (HSPs) 260

hemorrhagic shock 1003

hsp-25/27 92

hsp-70 260

Heimlich maneuver (abdominal thrust) 522–3, 976

helicopters

patient transport 1128–9

rescue at altitude 1125–6

unavailable at extreme altitude 1119

helmets, cooling 854–5

help, call for 773–4

Helsinki (Finland), public access defibrillation 503

hemodialysis 318

hemodilution, visceral organ ischemia 317–18

hemodynamics of cardiac arrest 347–64

arterial physiology 347–8

cardiopulmonary bypass 607–8

animal models 600–1

central vs global monitoring 700–3

changes 348–50

chest compression

and decompression 587–8

high-impulse 579–80

interposed abdominal compression 577–9

simultaneous ventilation 586–7

standard 573–6

constraint from pericardium/right ventricle 357–9, 360, 361

during CPR 352, 354–7

CPR interruption 356

goal of CPR in achieving changes 698–9

hemorrhagic shock management 1001–2

hypertrophic cardiomyopathy 1153–4, 1156

induced hypothermia effects 866

left ventricular preload 357–9, 360, 361

load distributing band CPR 593–5

myocardial bridging 1165–6

non-fibrillatory cardiac arrest 737–9

positive pressure ventilation adversely affecting 515–16

postresuscitation instability/derangements 831

management 908–10, 911

spontaneous gasping 363–4

vasopressin effects 647–9

animal studies 649–50

hemorrhagic shock 659

venous capacitance 348

ventilation effects 361–2

vest CPR 591

see also coronary blood flow; specific hemodynamic parameters

hemofiltration, isovolumic high-volume 825

hemoglobin

blood gas transport 508–10

carbon monoxide binding 985, 986

stroma-free/diaspirin cross-linked 904–5

hemorrhagic shock 1004

hemoglobin-based oxygen-carrying (HBOC) agents 391

hemorrhage

control 1000–1

thrombolytic-associated risk 760–1

see also exsanguination cardiac arrest

hemorrhagic shock 658–9, 994–1013

therapeutic interventions 659, 998–1005

vasopressin 658–9, 663, 1005

animal studies 998–9

hemostatic management 1000–1

hepatic function, postresuscitation 818–19

hepatocellular injury, intestinal ischemia–reperfusion 302–3

hereditary factors and disorders see genetics

HERG mutations 926, 1174

high altitude 1140

acclimatization 1119–21

definition 1119

high-altitude illness 1118–35

cardiac arrest at high altitude unrelated to 1124–7

cardiac arrest in 1118–19

epidemiology 1119

progression to 1122

treatment 1129–31

pathophysiology 1120

see also acute mountain sickness

high-energy phosphates in defibrillation 471

high-frequency ventilation 527

high-impulse external chest compression 579–80

high-voltage injury

clinical manifestations 1140–1

discontinuing exposure and evacuation 1143

epidemiology 1136–7

prevention 1137

resuscitation 1140

Hill, John 10

Himalayas, trekking 1125–6

hippocampal CA1 injury, induced hypothermia effects 849–50

histamine H1 antagonists, anaphylaxis 1112

history of CPR, early 3–5

history-taking, non-fibrillatory cardiac arrest 728

Holter monitoring, sudden cardiac death risk analysis 452
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home

defibrillators 477–8, 483, 491, 499

epidemiology of cardiac arrest and death 484

Hooker, Donald 15

hospital-based studies 223–4

hospitals see emergency department; in-hospital cardiac arrest;

in-hospital resuscitation/care; intensive care unit

household electrical shock 1137

Howard, Benjamin 8

hsp-25/27 92

hsp-70 260

human factors in anesthesia causing arrest 1050, 1052–5, 1066–9

human products, anaphylactic reactions 1106

Hunter, John 5

Hunter, William 5

hydatid disease, anaphylaxis 1106

hydrocarbon inhalation 1032–3

hydrofluoric acid exposure 1034–5

hydrogen ion concentration in cardiac arrest and resuscitation

675

see also sarcolemmal Na�–H� exchange

hydrogen peroxide 53

kidney ischemia–reperfusion 306

hydroxocobalamin in cyanide poisoning 1037

hyperaldosteronism 146

hyperbaric chambers

CO poisoning 986

high-altitude illness 1130

hypercarbia/hypercarbemia

acidosis 680

asphyxia as combination with hypoxemia 970

catecholamine pressor effects 513–14

definition 969

effects of 973

airway 507

myocardial force and rate of contraction and 512–13

ventricular fibrillation and defibrillation and 512–13

myocardial pH levels 680

hyperemia, postischemic 242

hyperglycemia

drowning victim 1098

induced hypothermia 865, 868

intra-ischemic cerebral acidosis 240–1

postresuscitation 905–6

children 955

hyperkalemia 733

intraoperative risk of arrest 1052

pulseless electrical activity 440

therapy 688, 733

hypernatremia, bicarbonate-induced 685

hyperosmolarity, bicarbonate-induced 685

hypersensitivity reactions 1103

see also allergens; anaphylaxis/anaphylactic shock

hypertension

risk factor 34

see also pulmonary artery, hypertension at high-altitude

hypertension, postresuscitation 910

benefits of transient period 903

children 955

hyperthermia

drowning victim 1098

overshoot reaction with rewarming 1096

malignant 1056

postresuscitation 824, 907

see also fever

hypertonic saline, CPR outcome/effects 684

hypertrophic cardiomyopathy (HCM) 113, 451–2, 1152–9, 1188

athletes 231

epidemiology 1149, 1150

genetics 1152–4

histopathology Plate 65.11, Plate 65.12

myocardial bridging associated with 1165

pathogenesis 1156–7

prevention and management of sudden arrest 1159

risk stratification for sudden death 1158–9

screening of athletes 1184

hypertrophy

left ventricular 449–50

physiological in athletes 1185

hyperventilation

pregnant women 1077

therapeutic 682

adverse effects 515–17, 753–4

cardiac arrest 516, 682

metabolic acidosis 682

postresuscitation care 904

shock 516

hypoaldosteronism, hyper-reninemic 146–7

hypocalcemia, children 953

hypoglycemia 906

hypokalemia

with induced hypothermia 867

intraoperative arrest risk 1052

hypomagnesemia

with induced hypothermia 867

magnesium sulfate 410

hypoperfusion 820

delayed 242–3

hypophosphatemia with induced hypothermia 867

hypothermia (accidental/non-therapeutic) 732, 1014–27

anesthesia postinduction 1052

CPR in 1016–23

experimental studies 1016–17

rewarming 732

drowning victim 1090, 1095–6, 1097

experimental studies of arrest in 1016–17

neurologic outcome 392

pathophysiology/consequences 1014–16, 1088

pediatric 954

pulseless electrical activity 435–6, 440
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hypothermia (accidental/non-therapeutic) (cont.)

recovery chances 1205

symptoms 1015

visceral organ ischemia 317

hypothermia (induced/therapeutic) 51–2, 787–8, 848–72, 907

animal studies 848–50

clinical outcome studies 850–3

cooling methods 788, 849, 850, 851, 853

history 848, 850

mild 787–8, 848–72, 907

drowning victim 1095–6

hemorrhagic shock 1005

maintenance 858–9

mechanisms of neuroprotective effects 859–65

neurologic prognostication with 853, 886–7

pediatric 954

rewarming from 859, 866

side-effects 865–72

technique 854–9

postresuscitation 821–2, 825, 849–50

protective 849

see also preservative hypothermia

hypoventilation, anesthesia-induced 1050

hypovolemia 994–1013

intra-operative arrest risk 1052

pulseless electrical activity 439–40, 729

hypoxemia

airway effects of 507

anesthesia-induced 1049–51

asphyxia as combination with hypercarbia 968

catecholamine pressor effects 513–14

high-altitude 1120

myocardial force and rate of contraction 512–13

ventricular fibrillation and defibrillation 512–13

hypoxia 729–30, 810

definition 967

drowning victim 1087–8

drugs/poisons causing 1031

excessive adverse ventilation 516

high-altitude 1120

management 729–30

near-death experience 1247

pulseless electrical activity 435, 729–30

hypoxic pulmonary vasoconstriction 507

hypoxic–ischemic (hypoxic–anoxic) encephalopathy 870

drowning 978

neonatal induced hypothermia 855

ice-cold intravenous fluid, large-volume 855–6

iloprost in chronic pulmonary artery hypertension 1131

imaging, neurologic in neurologic outcome prediction 872, 891,

891–2

see also specific modalities

immediate early genes 865

immersion see drowning

immobilization 905

immune response

anaphylaxis/anaphylactic shock 984–5

brain damage 862

cytokines 62

trauma and associated hemorrhage 1002–4

immune system, reperfusion injury 168–71

immunization, anaphylactic reactions 1107

immunoglobulin E and anaphylaxis 1108–11

immunoglobulin gene superfamily 168

immunotherapy 1105, 1112

impedance see transthoracic impedance

impedance inspiratory valve 382

impedance threshold device 336

active chest compression–decompression with 588–91

non-fibrillatory cardiac arrest 737–8

trauma and associated hemorrhagic shock 996

implantable cardioverter-defibrillators (ICDs) 34, 117–18, 456–7

amiodarone use 671–2

arrhythmogenic right ventricular cardiomyopathy 1161

automatic 477

Brugada syndrome 929

catecholaminergic polymorphic ventricular tachycardia 930,

1176

defibrillation of patients fitted with 475, 798

hypertrophic cardiomyopathy 1159

serum proteomics 84

implantable pacemakers 475, 798–9

impotence, vascular disease 34

incidence of cardiac arrest 30–6

calculation 31

risk factors 31–6

incompetent adults 1236

induction anesthesia

anaphylaxis 1107

hypotension following 1052

inductothermia 14

infants and toddlers

air travel and SIDS 1128

anesthesia-related arrest 1046–7

chest compression 949

defibrillation

automated external 486

electrodes 473

drowning 1098

see also neonates

infection

induced hypothermia-associated 869

lay responder risk 1262

mouth-to-mouth ventilation risk 522, 532

percutaneous transtracheal ventilation risk 804

postresuscitation 824

see also antibiotics; bacteremia; pneumonia; sepsis; septic shock

inferior vena cava compression in pregnancy 1075, 1079

inflammable (combustible) agents and defibrillators 800, 801
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inflammation

post-resuscitation syndrome 55

systemic in reperfusion period 139

see also systemic inflammatory response

inflammatory mediators 314–15

inflammatory protein signalling pathways 54

inflammatory response

IL-1 effect 171

postresuscitation 820, 823, 862

neurologic function 862

systemic 820, 831–2

post-traumatic 1002

TNF-� 171

inflammatory stress response 54

information acquisition

drowning victim in emergency department 1093–5

lightning victim for EMS 1142–3

informed consent 1232–4

doctrine 1230, 1233

duty of physicians 1233

exceptions 1233–4

legal issues 1227

professional standard 1233

for research 216–25

exceptions 217, 218

on recently dead 1207–8

infusions, anaphylactic reactions 1107

inhalant abuse 1032–3

inhaled anesthetics

arrest caused by 1055

volatile in status asthmaticus 981

inherited factors and disorders see genetics

inhibitor of caspase-activated DNase (ICAD) 258

inhibitors of apoptosis proteins (IAPs) 57–9

in-hospital cardiac arrest, epidemiology 819

children 938–40, 943

elderly 964–5

in-hospital resuscitation/care 782–91, 813, 819

in accidental hypothermia 1019–23

drowning victim 1093–6

thrombolysis 758–9

see also emergency department; intensive care unit

injury see chest injury; traumatic injury

injury current 108

inner mitochondrial anion channels (IMAC) 109

inotropic agents

myocardial contraction 431

postresuscitation 841–2

children 954–5

insecticides, organophosphate 1036

inspiratory impedance threshold device 362

inspiratory phase of respiration in rescuer ventilation 521

institutional review boards (IRBs), approval for research 217, 219,

220

instruments

accuracy 186

bias 186

calibration 186–7

characteristics 183

damping coefficient 184–5

drift 184

dynamic calibration 187

dynamic characteristics 183, 184–5

linearity 184

measurement error 182, 183

non-linearity 184

repeatability 184

resolution 183–4

resonant frequency 184–5

sensitivity 183

smart transducers 184

stability 184

static calibration 186–7

static characteristics 183–4

uncertainty 186

insulin 138–9

administration 788

calcium channel blocker overdose 1030

postresuscitation 905–6

standardized dosing 1064

critical illness response 149–50

induced hypothermia effects 865, 868

postischemic brain injury prevention 262–3

postischemic brain reperfusion 253

postresuscitation production 311

insulin-like growth factor(s) (IGFs) 253

insulin-like growth factor 1 (IGF-1) 141

�2-integrins 168

intensive care unit

anesthesia and sedation 1061

drowning and its complications 1096–7

paramedic-staffed mobile 19–21

intercellular adhesion molecule 1 (ICAM-1) 168, 169

interleukin 1 (IL-1) 164, 165

inflammatory response 171

interleukin 6 (IL-6) 62, 145, 165

systemic inflammatory response syndrome 313

trans-signaling 62

interleukin 8 (IL-8) 165–6

L-selectin shedding 169

neutrophil effects 167

interleukin 10 (IL-10) 165

intermittent threshold device (ITD) 391–2

internal cardioverter defibrillator (ICD) 117–18

see also implantable cardioverter-defibrillators (ICDs)
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International System of Units (SI) 180, 181

interposed abdominal compression CPR (IAC-CPR) 381

intestinal hormones 139

critical illness response 150

intestinal ischemia–reperfusion 298–305

bacterial overgrowth 319

damage from cardiac arrest 310–11

lactate 319

mucosal permeability 303

recovery 303

villous damage 303

intestines

blood flow in CPR 308

gut decontamination 318

ischemia 824

postresuscitation function 824

intra-aortic balloon counterpulsation

non-fibrillatory cardiac arrest 739

visceral organ ischemia 317

intracardiac injection see heart

intracellular pH, pulseless electrical activity 434–5

intracranial capacitance 390

intracranial pressure

during CPR 389–90

induced hypothermia effects 863

prognostic value of elevated level 895

intranasal drug administration 627–8, 629

intraosseous vascular access

children 951

drug administration 619–21, 810

historical review 615

vasopressin animal study 649, 651

intraperitoneal lavage and resuscitation see peritoneal lavage;

peritoneal resuscitation

intrathoracic pressure 517–20

chest compression 327, 342

measurement 191

rise in thoracic compression 327

venting 329

intrathoracic pressure pump 327–8, 329

airway inflation 339

intravenous anesthetics causing arrest 1055–6

intravenous drug administration 400

intravenous fluids see fluid management/resuscitation

intravenous routes see venous cannulation/catheterization

introducers (tracheal tube) 561

intubation see laryngeal mask airway; laryngeal tube;

nasopharyngeal/nasotracheal airways; tracheal 

intubation

inward rectifier potassium current 104

ion channel gene polymorphisms 403

ion channelopathies see channelopathies

ion channels, ventricular fibrillation 103–4

ion pumps and neuroexcitatory cardiac arrest 861–5

ionic fluxes, ischemia 237–9

IRE1� 255

ischemia 820

apoptosis 57

cardiac protection 94–5

cellular dysfunction 168

cerebral acidosis influence on injury 240–1

conditioning 94–5

conduction map Plate 6.3

depolarization 108, 109

destructive mechanisms 860

energy metabolism 237–9

extracellular potassium ions 107–8

global brain 236–64

global state 698, 821, 870

hypothermia protective effects in 849–50

accidental hypothermia 1015

induced hypothermia 864–5

injury current 108

intestinal postresuscitation 824

intracellular signaling 90–7

ionic fluxes 237–9

irreversibility 396–7

myocardial infarction 33

myocytes 232–3

neuronal injury 236–7

osmotic pressure 397

postconditioning 95

postresuscitation injury 51

preconditioning 95, 172

pulseless electrical activity 434

reversibility 396–7

SAPK activity 92

ventricular fibrillation 106–10

see also cerebral ischemia; coronary artery disease;

hypoxic–ischemic (hypoxic–anoxic) encephalopathy;

myocardium; neurologic dysfunction

ischemia–reperfusion 51, 90, 298–320

apoptosis 57

arrhythmias 107

brain translational competence 248–9

cardiomyocytes 53, 94

cerebral acidosis 239–40

circulating messengers 54

intestines 298–305

mRNA following 251

myocardial stunning 283, 285

myocardium 107

reperfusion arrhythmias 288, 289

SAPK activity 92

signaling pathway activation 93–4

therapeutic intervention for injury 95, 97

transcriptional stress response 54–5

whole-body 52

see also visceral organ ischemia–reperfusion
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Brugada syndrome 1174
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sudden death 1150, 1151
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JNK genes 91–2
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justice 1201–2
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KCNQ1 (KvLQT1) mutation 1174
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blood flow in CPR 309

critical illness response 149

endocrine function 138

lightning strike-related dysfunction 1141

postresuscitation function/dysfunction 818, 824

vasopressor receptors 649

kidney ischemia–reperfusion 305–7

damage from cardiac arrest 311–12
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Kratzenstein, Christian Gottlieb 12

Kruger, Johann Gottlob 12

Kupffer cells, liver ischemia–reperfusion 304

Kupffer system, intestinal ischemia–reperfusion 302–3

KvLQT1 mutations 926, 1174

kymograph 14

labor, cardiac output 1077

laboratory research methodology 179–204

laboratory tests

monitoring

induced hypothermia 869, 870

resuscitation 703–4

postresuscitation neurologic outcome prognostication 891,

894–6

lactate

concentrations in blood 678

monitoring 703

raised 679

intestinal ischemia–reperfusion 319

kidney ischemia–reperfusion 306

visceral organ ischemia–reperfusion 319

lactic acidosis 675–6

pulseless electrical activity 435

Lance–Adams syndrome 896

Lanworthy, Orthello 15

large-volume ice-cold intravenous fluid 855–6

Larrey, Dominique-Jean 17–18

laryngeal mask airway 554–8, 803, 804

classic 554–5

Combitube 554, 557–8

insertion technique 555–6

intubating 556–7

ProSeal 556

single-use 556

laryngeal obstruction 550

laryngeal tube 558–9

laryngoscope blades, alternative 560–1

laryngospasm, drowning victim 1091

laser Doppler flow meters 202

latex allergy 1104

lavage, body cavity 858

Lavoisier, Antoine Laurent 7–8

law officers see police/law officers

law see legal issues

lay public

cardiocerebral resuscitation 749

first-responder defibrillation 476, 484, 497–8, 499, 503

ventilation 520–3, 752–3

lay responders 1260–62

programs 1261

response environments 1260–71

safety issues 1262

skills 1261

lazaroids 840, 906

learning objectives 1270–1

left stellate ganglion resection 116

left ventricular blood flow 650

left ventricular end diastolic pressure (LVEDP) 357, 358, 360

left ventricular hypertrophy, sudden death 449–50

left ventricular preload 357–9, 360, 361

left ventricular transmural pressure gradient 359

left ventricular volume 361, 362

legal issues

athletes with cardiovascular abnormalities and/or arrhythmias

1187

automated external defibrillators 497–8

cesarean section 1084

ethics and medical ethics divergence 1227–9

legal precedents 1226, 1227

leptin 143–4
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adhesion 168, 169
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endothelial activation 168–9

extravasation coordination 169–70

hypoperfusion induction 243

postischemic tissue 168

Lev–Lenegre disease 1177

levobupivacaine 1058

levosimendan 842

lidocaine 409, 670, 672

cardiac arrest associated with 1057, 1058

pregnant women 1082

children 953

routes of administration 629

central venous 618–19

endobronchial 624–5

ventricular fibrillation 670

lidoflazine 906, 907

life support see advanced life support; basic life support

life-prolonging treatment 1230

lifestyle in cardiovascular disease risk management 456

lightning strike 975

care/resuscitation 1142, 1143, 1144

clinical manifestations 1141–2

epidemiology 1137

pathophysiology 1139–40

prevention 1138

linkage studies, sudden cardiac death 78

lipid peroxidation

brain reperfusion 247–8

intestinal ischemia–reperfusion 301

iron-dependent 240–1

liver ischemia–reperfusion 304

lipids

membrane 247–8

synthesis 259

lipolysis, enzymatic 246–7

lipopolysaccharide 318

intestinal ischemia–reperfusion 302

�-lipoprotein 129

liquid chromatography 80, 81, 82

liver

blood flow in CPR 308

intestinal ischemia–reperfusion 302–3

postresuscitation function, experimental studies 818–19

liver ischemia–reperfusion 303–5

damage from cardiac arrest 311

living wills 966, 1202

load, chest compression 337

load cells 190–1

load distributing band CPR 336, 342, 593–5

local anesthesia see regional and local anesthesia

location of cardiac arrest and survival 37

long QT syndrome 71–4, 114, 450–1, 922–6, 1170, 1171–3

acquired 114, 924–5, 926, 1172

acute management 926

clinical presentation 72–3

congenital 114

diagnostics 924–5

drug-induced 452, 1054, 1172

genetic loci 72

genetics 71, 72, 73

genotype–phenotype correlation 75

ion channel gene polymorphisms 403

mutations 404

pathophysiology 73–4

prevention 116

preventive strategies 925–6

risk stratification for sudden death 925

variants 71–4
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low-voltage injury 1140

care/resuscitation 1142, 1143

clinical manifestations 1140

epidemiology 1137

prevention 1137

L-selectin 168

leukocyte adhesion 169

Lund University Cardiopulmonary Assist System (LUCAS device)

382, 739, 794

lung(s)

asphyxia 979

chest compression-related complications 577

chronic obstructive disease 979

dead space 527

physiology in low-flow states 507–10

volume and defibrillation 472–3

see also cardiopulmonary bypass; edema, pulmonary; gastric

regurgitation and aspiration; respiratory entries; tidal

volume

luteinizing hormone (LH) 142

ma huang (ephedra) 1181–2

Maass, Friedrich 10

McCoy levering laryngoscope 560

Macintosh blade 560

macrophages

adhesion 172

tissue injury 170–1

macrosimulators 1264, 1265, 1266

MacWilliam, John 14–15

magnesium

depletion with induced hypothermia 867, 868

infusion 670, 672

asthma 980

induced hypothermia 857

long QT syndrome 926

pregnant arrested women 1081

magnesium ions, translation effects 255
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magnesium sulfate, pharmacology 409–10

magnetic resonance imaging (MRI) 191–2

chest compression Plate 9.10

flow measurement 202–3

high-altitude cerebral edema 1123

neurologic outcome prediction 872, 892

children 956

magnetic resonance spectroscopy (MRS) 320

malignant hyperthermia 1056

malpractice litigation 1226

mandibular displacement 530

manikins, training 1264, 1266

manual techniques

CPR 381, 571–84

compared with load distributing band CPR 595

compared with vest CPR 592, 593

complications 793

ventilation 523–4

lay public 520–3, 752–3

MAPK kinase 95

MAPK/SAPK kinases 90–1

MAPKs/SAPKs 90–1

Marfan syndrome 1170

masks see bag–valve–mask ventilation; face masks; mouth-to-

mask ventilation

mass spectrometry 80, 81, 82

protein identification 82

mast cells and anaphylaxis 1108, 1109

matrix metalloproteinases (MMPs) 166

mean circulatory filling pressure 348

measurement

accuracy 180

definition 179–80

error 180–4, 185–6

uncertainty 186

units 180

see also instruments

mechanical devices in CPR 381–2, 585–99

chest compression 585–95, 793–4

complications 793–4

non-fibrillatory cardiac arrest 738–9

ventricular assist devices 609

median nerve somatosensory evoked potentials 871–2, 892, 893

Medic2 program (Seattle) 20

medical care

accepting 1235–6

futility 1227–9, 1236, 1240–1

refusing 1235–6, 1237

Medical Emergency Team 783–4, 813

see also emergency medical services (EMS)

medical ethics, legal divergence 1227–9

medical personnel see emergency medical services (EMS);

healthcare professionals; human factors; teams

medical registers, clinical studies 208–9

medication see drug(s)/drug therapy

medicolegal issues 1226–43

see also legal issues

Medtronic automated external defibrillators 487

melanocyte-stimulating hormone (MSH) 131, 140

membrane channels 83

membrane damage

brain ischemia 246–8

repair 259–60, 261, 262–3

reperfusion 246–8

membrane lipids 247–8

membrane oxygenation/oxygenator 605–6

pediatric veno-arterial extracorporeal 603, 955–6

memory

impairment in survivors 1252–3

near-death experience 1255

mesenteric circulation 298–305

meta-analyses 210

induced hypothermia 852–3

vasopressin 408

metabolic acidosis 675–6, 733

cardiac effects 680, 733

iron-dependent lipid peroxidation 240–1

therapy 688, 733

metabolic disturbance, ventricular fibrillation 105–6

metabolic management 788

postresuscitation 905–6

metabolic phase of ventricular fibrillation 466, 748

metabolic syndrome 811

metabolism

accidental hypothermia effects 1013, 1088

asphyxia effects 971

cerebral

cerebral perfusion pressure 390

induced hypothermia effects 861, 863

submersion effects 1088

induced hypothermia effects 867–8

brain 861, 863

drugs 869

metaregression studies 210

methadone 33

methoxamine 641

pulseless electrical activity 734–5

�-methylnorepinephrine 642

methylprednisolone 906

microcirculation

direct visualization of blood flow 714–15

thrombolytic drug action 757–8

microcirculatory perfusion abnormalities 170

microsimulation 1267, 1268

applied 1266, 1267

microsimulators 1266

microspheres 199

radionuclide-labeled 197–9

micro-thrombi 864

midazolam, oral transmucosal 627
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mind, concept 1254

minimally invasive procedures

cardiac massage 794

cricothyroidotomy 804

rewarming in accidental hypothermia 1022

minimally trained witness defibrillation 497

minors, end-of-life decision-making 1234

minute ventilation and end-tidal CO2 538

mite allergens 1106

mitochondria 256–7

asphyxia effects 973

dysfunction in neuronal death 256

kidney ischemia–reperfusion 306

postresuscitation syndrome 861

brain 861

myocardial 830, 832–5

redox status determination 714

mitochondrial leakage 93

mitochondrial membrane potential, depolarization 257

mitochondrial permeability transition pore (mPTP) 57, 95

opening 257

mitochondrial superoxide dismutase 54

mitogen-activated protein kinases (MAPKs) 90–1

mitral flow, peak forward 354

mitral valve

motion in chest compression 330, 331, 332

prolapse 1170

mobile coronary care unit 18–19

monitoring

anesthesia 1061–2

errors causing arrest 1053

requirements 1061–2

CPR 538–9, 618–724, 812

blood gas 538–9, 677–8, 703, 710

cardiopulmonary bypass 607, 608

goals 717, 718

traditional methods 699–700

induced hypothermia 868, 869, 870

see also postresuscitation care

monocytes 170–1

mononuclear phagocytic system 170–1

monophasic (damped sinusoidal) waveforms for defibrillation

474

biphasic compared with 474, 836–7

children 487

Morrow procedure 1159

mortality see death

mother rotor hypothesis 102

motor function

accidental hypothermia effects 1013

assessment

Glasgow Coma Scale 888

postresuscitation patient 891

mountains

arrest

related to altitude 1118–19

unrelated to altitude 1124–5

traumatic injury 1131

see also acute mountain sickness; high-altitude illness

mouth-to-mask ventilation 532, 533

lay public 520–3

risk of doing harm 752–3

mouth-to-mouth ventilation 5, 9–10, 11–12, 524–5, 531–2

infection risk 522, 532

by lay public 520–3

of pregnant women 1079

mouth-to-nose ventilation 9, 532

mRNA

following ischemia–reperfusion 251

nucleocytoplasmic transport 250–1

processing in cerebral ischemia 249–50

translation 251

mucosal route for drug administration

nasal 627–8, 629

oral 626–7

Multicenter Automatic Defibrillator Implantation Trial 456–7, 477

multimodality neurologic prognostication 891, 896

multiple organ failure/dysfunction and derangement syndrome

(MODS) 824, 1002–5

features in common to postresuscitation syndrome 817

post-traumatic 994, 1002–5

multiple wavelet hypothesis 102

multisystem organ dysfunction

reperfusion period 139

visceral organ ischemia 313–14

muscle relaxants

causing anaphylaxis 1107

causing arrest 1055

myeloperoxidase 170

myocardial death, SAPK induction 93

myocardial depressant factor 305

myocardial infarction (MI)

death 18

ischemia 33

pulseless electrical activity 440

reperfusion 33

sudden death 33, 105

see also ST elevation myocardial infarction

myocardial injury, post-resuscitation 52

myocardial oxygen consumption, myocardial stunning 286, 287

myocardial perfusion pressure see coronary perfusion pressure

myocardial stunning

animal models 283–5

clinical issues 287–8

exercise-induced 285

humans 285

management 287–8

mechanisms 285–7

preconditioning period of ischemia 283

reperfusion injury 283–8
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support 287–8

ventricular fibrillation 285

myocarditis 1178

acute 231

myocardium

abnormalities associated with sudden death 922

acidosis 679–81, 685–6

bridging 1164–6

cell-based repair 457

contraction 431–2

dysfunction in pulseless electrical activity 440

elder persons 959

hibernating 110

hypothermia effects 1015

infarction 733, 757

current management strategies 764

evolving in postresuscitation period 909

intracellular environment 52–3

ischemia 733

contractures 830

management 733

myocardial bridging 1166

pulseless electrical activity 440

local anesthetic adverse effects on contractility 1057

microscopic structure 427–8, 429

postresuscitation dysfunction 822, 829–47

cellular mechanisms underlying 832–5

children 954–5

recognition/diagnosis 840–1

therapeutic factors contributing to 797–8, 835–7

therapy 823, 835, 837–42, 954–5

sodium bicarbonate-produced CO2 diffusion 685–6

stretch in commotio cordis 1181

sympathetic nerve activity 431

ventilation effects on force and rate of contraction 512–13

ventricular in defibrillation 470–1

see also cardiomyopathy; coronary blood flow; coronary

perfusion pressure; hypertrophic cardiomyopathy;

hypertrophy

myoclonus status epilepticus, prognostic value 895–6

myocytes see cardiomyocytes

myofibrils 427

myofilaments in hypertrophic cardiomyopathy 1154

myonecrosis, reperfusion-related 291–2

myosin 428, 429, 430

NADH complex 256

NADPH oxidase 53–4, 170

NAEMO/ACSCOT Committee on Trauma, guidelines on

prehospital post-traumatic CPR 993

Nagel, Eugene 19–20

Na–K ATPase 286

Na–K ATPase pump 432

inhibition 289

naloxone

pulseless electrical activity 737

routes of administration 629

transmucosal 627, 628

nasopharyngeal/nasotracheal airways 553, 803

see also nose

National Association of EMS Physicians and the American

College of Surgeons Committee on Trauma, guidelines on

prehospital post-traumatic CPR 993

National Registry of Cardiopulmonary Resuscitation (AHAs) 786

pediatric data 939, 943

Naxos disease 1161

near infrared spectroscopy (NIRS), CPR monitoring 713–14

near-death experience 1244–55

attention 1255

cardiac arrest model 1248–9, 1250

cardiac arrest survivors 1248–9, 1250

child’s 1245, 1247

feelings 1249

history 1244–5

long term effects 1246–7, 1249, 1250

memory 1255

modern studies 1245–6

neuronal intermediaries 1248

psychological care 1253

scientific theories of causation 1247–8

near-drowning see drowning

necrosis 55–6

negligence 1234–5

neonates

asphyxia 523, 970

induced hypothermia 855

rescue breathing 532

resuscitation 523

Nepal, trekking 1125–6

nerve growth factor 262

neuraxial/spinal anesthesia causing arrest 1048, 1051–2, 1058–60

pregnant women 1048

treatment 1063

neuroendocrine response

definition 128

immediate cardiac arrest period 129–34

methodology 128–9

neuroexcitatory cardiac arrest 861–5

neurohypophysis 132–3

critical illness response 142–3

neuroimaging

neurologic outcome prediction 872, 891, 891–2

see also specific modalities

neurologic dysfunction, postresuscitation 821–2, 848–918

cardiovascular dysfunction 822–3

clinical features 821

outcome and prognosis 870–2, 885–95

children 956

determination/prediction 788–9, 821, 870–2, 885–96

induced hypothermia 853, 886–7
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neurologic dysfunction, postresuscitation (cont.)

pathophysiology 821

prevention 902–18

treatment 821–2, 848–72

see also hypothermia (induced/therapeutic)

neurologic examination, postresuscitation patient 887–91

neurologic injury

asphyxia vs ventricular fibrillation 973–4

electrical shock 1141

lightning strike 1141

submersion 1089–90

management of/recovery from 1095, 1097–8

neurologic outcome

cerebral perfusion pressure 390

clinical implications of CPR 390–2

hypothermia 392

improvement after cardiac arrest 389, 390–2

neurophysiologic testing in prediction 871–2, 891, 892–3

resuscitation attempt 1205

neuromuscular blocking agents

causing anaphylaxis 1107

causing arrest 1055

neuron(s)

calcium channel blocker effects 906

calpain activity 245

cellular regulatory systems in ischemia/reperfusion 259–60

competence for antioxidant defense 259–60, 261, 262–3

damage defense 260, 261, 262

death 237, 849

mitochondrial dysfunction 256

injury in ischemia 236–7

selective vulnerability 243–4

neuronal activity, consciousness 1254

neuron-specific enolase

drowning victim 1098

induced hypothermia 895

neurophysiologic testing in neurologic outcome prediction

871–2, 891, 892–3

neurotensin 139

neurotensin analogs in induced hypothermia 857–60

neurotransmission defects, cerebral ischemia 239

neurotransmitters

excitotoxic hypothesis 243

hemorrhage 997

postsynaptic microregions 239

neutrophil proteinases 170

neutrophils

adhesion 172

tissue injury mediation 170

never-competent adults 1236, 1239

newborns see neonates

NF-�B

activation 62

signaling 55

NHE-1 (sodium-hydrogen exchanger isoform 1) inhibitors 838–9

Nielsen, Holger 8

nimodipine 906, 907

nitric oxide

hemorrhagic shock production 997, 998, 1002–3

therapeutic targeting 999

vasopressin 648

nitric oxide (NO) 53, 166, 167, 245–6

cerebral ischemia 257

intestinal ischemia–reperfusion 301

nitric oxide synthase, inducible (iNOS) 246, 257

nitric oxide synthase (NOS) 166, 167

isoforms 245–6

nitric oxide synthase (NOS) inhibitor 53

nitroglycerin patches, defibrillation hazard 476, 801

S-nitrosothiols 999, 1005

N-methyl-D-aspartate (NMDA) channels 240

N-methyl-D-aspartate (NMDA) receptors 243, 244

nocturnal death syndrome, sudden unexplained see Brugada

syndrome

no-flow state 171

nonesterified fatty acids (NEFA) 32

non-fibrillatory cardiac arrest 725–46

definition 725

diagnosis and investigations 727–9

future directions 740

incidence 725

management 729–40

non-specific 734–9

specific 729–33

see also asystole; pulseless electrical activity

non-inferiority trials 210

non-maleficence 2001

non-ST elevation myocardial infarction see angina, unstable and

non-ST elevation MI

non-steroidal anti-inflammatory drugs, non-selective 1107

no-reflow 170

norepinephrine 134–5

during CPR 310

critical illness response 145–6

nose

drug administration via 627–8, 629

mouth-to-nose ventilation 532

pinching in mouth-to-mouth ventilation 531

nuclear export factors (NXFs) 250

nucleoside-triphosphate (NTPase) 250–1

nurses, automatic external defibrillator use 785

nutrition see dietary management; dietary supplement abuse

obesity

resuscitation in pregnancy 1079

risk factor 34

obstetric anesthesia and arrest risk 1048

oculomotor (3rd cranial) nerve testing 888–9

office-based anesthesia, cardiac arrest risk 1060

older persons see elder/older persons
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oncosis 55–6

on-site (field/out-of-hospital/prehospital) arrest

diagnosis in accidental hypothermia 1018

elderly 960–2

incidence and prevalence 819

on-site (field/out-of-hospital/prehospital) resuscitation 17–19,

772–81

accidental hypothermia 1017–19

anesthesia and analgesia-associated arrest risk 1061

automated external defibrillators 483–4, 488–9, 749, 774–5

children 940

automated external defibrillators 488–9

ventricular fibrillation 942–3

drowning victim 1091–3, 1094

elderly 962–4

incidence and prevalence 819

thrombolytic use 759–60

see also cardiocerebral resuscitation; emergency medical

services (EMS); public access defibrillation

open reading frame (ORF) sequencing 71

open-chest CPR 608–9, 794–5

complications 794–5

external 10

minimal invasive 794

open chest 382

pediatric 949

pulseless electrical activity 739

opioids

abuse 33

muscle relaxants combined with anaphylaxis 1107

�-opioid receptor activation 839–40

optic (2nd cranial) nerve testing 888–9

oral transmucosal drug absorption 626–7

organ(s)

chest compression-associated damage 793

postresuscitation dysfunction 820–5

components 820–1

see also acidosis; multiple organ failure/dysfunction and

derangement syndrome (MODS); perfusion, organ

organophosphate insecticides 1036

oropharyngeal airway 524, 553

oropharyngeal injury with chest compressions 577

orthogonal polarization spectral imaging (OPSI) 714–15

orthophthalaldehyde, anaphylaxis 1107, 1108

Oslo study, cardiopulmonary resuscitation before or after

defibrillation 466, 467

osmolarity, bicarbonate-induced rises 685

outcomes reporting 786

out-of-hospital resuscitation see on-site (field/out-of-

hospital/prehospital) resuscitation

ovaries, critical illness response 147

overdose see poisoning

oxidant pathways, ischemia/reperfusion-induced 54

oxidant stress, post-resuscitation syndrome 55

oxidants 53, 54

oxidative phosphorylation (electron transport chain) and

postresuscitation myocardial dysfunction 833, 834

oxidative stress see free radicals, production

oxygen

atmospheric/environmental concentrations and fire risk with

defibrillators 476, 800, 801

bicarbonate effects on release from hemoglobin 685

consumption (VO2)

postresuscitation 909, 910

relationship to oxygen delivery 698, 699

critically ill patients 315–16

debt, postresuscitation 909–10

delivery (DO2)

CPR 698

disruption in asphyxia 971

monitoring 708–10

pediatric CPR 948, 949–51

postresuscitation 909

relationship to oxygen consumption 698, 699

demand 1013

hyperbaric therapy 317

intraluminal in visceral organ ischemia 317

myocardial consumption in stunning 286, 287

partial pressure (PO2) in blood

induced hypothermia 868

low-flow states 508

ventilation effects 510–11

saturation

bicarbonate effects 685

at high altitude 1119

saturation measurement/monitoring 710

postresuscitation 910

by pulse oximetry 705, 812

in tissues 713

supplementation

in bag–valve–mask ventilation 532

sources 533

supply for cardiopulmonary bypass 605

tension (PO2)

myocardial 53

urine 319

therapy

asthma 980

brain-oriented postresuscitation care 904

CO poisoning 985

drowning 1091

hemorrhagic shock 999

high-altitude illness 1130

tissue monitoring 712–14

transport in blood 508–10

postresuscitation derangement detection 910

postresuscitation experimental studies 818

visceral organ ischemia 315–16, 317

see also anoxia; arterial oxygen; free radicals; hypoxemia;

hypoxia
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oxygenated perfluorocarbon, cold 858

oxygenation

ventilation effects on status 510–11

see also membrane oxygenation/oxygenator

oxygen-powered breathing devices 534

oxytocin, sublingual 627

P waves, pulseless electrical activity 436

p67 glycoprotein 254–5

pacemakers, implantable 475, 798–9

pacing

electrical 15

long QT syndrome 926

non-fibrillatory cardiac arrest 739

postshock asystole 492

pulseless electrical activity 441

transthoracic/transvenous 739

see also implantable cardioverter-defibrillators

paddles (defibrillator) see electrodes

pain

response to 890

see also analgesia

palpation of pulse 699–700

pancreas, blood flow in CPR 309

pancreas ischemia–reperfusion 305

damage from cardiac arrest 311

pancreatic enzyme production in hemorrhagic shock 1003

pancreatic polypeptide (PP) 139

panic in anaphylaxis 1110

compared to without anaphylaxis 1104

Pantridge, Frank 18

paramedics 19–21

resuscitation decision-making 1204–5

witness of cardiac arrest 39

parasites, anaphylactic reactions 1106

paraspinal vein ligation 390

parasympathetic system in hemorrhage 997

parathyroid glands 134

critical illness response 145

parathyroid hormone 134

critical illness response 145

paroptosis 56

partial liquid ventilation with cold perfluorocarbon 858

pathophysiology of cardiac arrest, 667–9

patient records, electronic 29–30

Patient Self-Determination Act (1990) 1230

patient waiver exception to informed consent 1233–4

pediatric patients see adolescents and young adults; children;

infants; neonates

Pediatric Perioperative Cardiac Arrest (POCA) Registry 1047

pediatric self-inflatable bag 526

pediatric studies, community definition 223

penicillin allergy 1106, 1107

pentazocine 839–40

peptide YY 139

percutaneous cardiopulmonary bypass see cardiopulmonary

bypass, percutaneous

percutaneous coronary intervention (PCI) 764–71

after resuscitation 766–7

during resuscitation 768–70

perfluorocarbon, cold 858

perfusion, organ

cerebral 902–3

coronary/myocardial induced hypothermia effects 867

vital organs in profound accidental hypothermia 1020–21

see also blood flow; hypoperfusion; reperfusion;

ventilation/perfusion ratio

perfusion pressures

cardiopulmonary bypass animal models 600

chest compression 574, 575

load distributing band and CPR 593, 594

monitoring 700–1, 812

resuscitability 679–81

sodium bicarbonate 685

vasopressin animal models 649–50

see also cerebral perfusion pressure; coronary perfusion

pressure

pericardial pressure

rise after cardiac arrest 359

spontaneous gasping 364

volume unloading 360

pericardiocentesis 731

pericardium, constraint 357–9, 360, 361

peripheral circulatory effects of local anesthetics 1057

peripheral perfusion measurement 319–20

peripheral resistance

cardiac output 341

chest compression 337–8

fall in hemorrhage 995

peripheral venous drug administration 615–18

peritoneal lavage, cooling via 858

peritoneal resuscitation in hemorrhagic shock 1001

PERK 254

activation 255, 256

unfolded protein response 255

permeability transition pore, myocardial 833–4

peroxynitrite 246

persistent vegetative state 1205, 1230, 1237–8, 1240

personhood 1226

personnel see healthcare professionals; human factors; teams

Perth study, cardiopulmonary resuscitation before or after

defibrillation 466, 467

P-glycoprotein 404–5

pH

intracellular

during CPR 241

pulseless electrical activity 434–5

intra-ischemic 239–40

paradox 53

see also acid–base status
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pharmaceutical agents see drug(s)/drug therapy

pharmacodynamics 398, 402–3

pharmacogetics/pharmacogenomics 398, 403–5

pharmacokinetics 398–402

induced hypothermia 869

pharmacology

cardiac arrest 395, 405–11

processes 397–405

pharmacotherapy see drug(s)/drug therapy

phenylephrine 640, 641

coronary perfusion pressure 383

pulseless electrical activity 735

phenytoin 905

Philips automated external defibrillators 487

phosphates

high-energy in defibrillation 471

levels in induced hypothermia 867, 868

phosphocreatine 238

intestinal ischemia 299–300

phosphodiesterase inhibitors

postresuscitation syndrome 841

type 5 in high-altitude illness 1131

phospholipase A2 247

brain levels 238

intestinal ischemia–reperfusion 301

kidney ischemia–reperfusion 306

phosphoprotein phosphatases 93

phosphotyrosine-containing proteins 263

pH-stat 868

physical examination, non-fibrillatory cardiac arrest 728

physical exercise see athletes/sports participants;

exercise/exertion

piston chest compression (pneumatic) 585–6

compared with external compressions 578

pituitary gland

anterior lobe 129–32, 139–42

neuroendocrine response 129–33

to critical illness 139–43

neurohypophysis 132–3, 142–3

PKB/Akt activation 95, 97

plant allergens and anaphylaxis 1105, 1106

plasma proteomics 83–4

plasminogen activators see streptokinase; tissue plasminogen

activator; urokinase

platelet activating factor (PAF)

anaphylaxis 1109–10

liver ischemia–reperfusion 304

L-selectin shedding 169

plausibility checks 212

plethysmograph in pulse oximetry 705

pleural drainage see thoracostomy

pneumatic devices for chest compression see piston chest

compression; vest CPR

pneumonia

drowning victim 1096

postresuscitation 824

pneumoperitoneum, iatrogenic 802

pneumotach transducers 203

pneumothorax

drowning victim 1097

status asthmaticus 981

see also tension pneumothorax

poisoning 985–6, 1028–42

anesthetics in out-of-operating room procedures 1060

presenting symptoms and possible antidotes 1029

special considerations in treatment of arrest 1028

see also substance abuse

police/law officers

automated external defibrillators 485

cardiocerebral resuscitation 749

pollens, anaphylaxis 1105–6

poly(A)� mRNA transport 250–1

polymorphonuclear leukocytes 168

endothelial activation 168–9

intestinal ischemia–reperfusion 301, 302

kidney ischemia–reperfusion 306

liver ischemia–reperfusion 304

sequestered in reperfusion-related myonecrosis 292

poly(ADP-ribose) polymerase (PARP) 246

polyunsaturated fatty acids (PUFA) 32, 247

pooled analyses 210

positive end-expiratory pressure see continuous positive airway

pressure

positive pressure ventilation (positive airway pressure)

hemodynamic effects 361–2

adverse 515–16

low-flow conditions 516–17

trauma and associated hemorrhagic shock 994

unprotected airway 523–7

see also continuous positive airway pressure

positron emission tomography in neurologic outcome prediction

892

postresuscitation care 902–18

brain-oriented 902–18

buffer therapy 688, 904–5

in-hospital 787–9

monitoring 717–18

cardiac output 708

goals 717, 718

laboratory tests 703–4

on-site 775–6

pediatric 947, 954–6

postresuscitation death, causes 829

postresuscitation disease/syndrome 52, 55, 139, 815–918

background/general information 817–19

definition and concept of 817

early experimental findings 817–19

etiology 819–20

pathogenesis 820

prevalence 819
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postresuscitation injury 51–2

postresuscitation non-fibrillatory cardiac arrest 740

postresuscitation recovery, phasic pattern 818

post-translational modifications

proteins 81, 82–3

proteomics 80

post-traumatic stress disorder 1251–2

potassium, abnormal blood levels see hyperkalemia; hypokalemia

potassium current, delayed rectifier 104

potassium ion(s)

brain concentration 238

current 113

extracellular in ischemia 107–8

reperfusion arrhythmias 289

translation effects 255

potassium ion channels 108

ATP-sensitive

activators 839

commotio cordis 1181

hemorrhagic shock 998

mutations

long QT syndrome 923, 1172

short QT syndrome 1174

voltage-dependent 111–12

power of attorney 1202

power spectral density (PSD) function 419, 420

estimation 421–2

precedent 1226, 1227

precordial thump 475

complications 792–3, 813

pre-excitations of Wolff–Parkinson–White syndrome 930, 1175

pregnancy 1076–87

arrest/sudden death risk 1076–87

amniotic fluid embolism 984, 1108

obstetric anesthesia-associated risk 1048

electrocution 1137

inferior vena cava compression 1077, 1079

physiological changes 1076–8

resuscitation 1078–85

prehospital resuscitation see on-site (field/out-of-

hospital/prehospital) resuscitation

preload

excessive assisted ventilation impairing 515–16

myocardial contraction 431

pulseless electrical activity 439–40, 441

preservative hypothermia 849

definition 849

future of 872–4

submersion victim 1090

trauma 995–6

pressure gradient, cardiac arrest 348

pressure support ventilation, adjunctive CPAP 528

pressure transducers, extravascular/intravascular 193–4, 195

Prevost, Jean Louis 15

Priestley, Joseph 7–8

principlism 1227

privacy 1226

implied fundamental rights 1231

right to 1231–2

probability of successful defibrillation (PROSC) 716

procainamide 670

process issues with in-hospital cardiac arrest 784–5

procoagulant administration 1001

programmed cell death 55

progressive cardiac conduction defect (PCCD) 74–5

progressive familial heart block (PFHB) locus 75

prolactin 131

critical illness response 140–1

pro-opiomelanocortin complex 129

propranolol 640

metabolism 402

ProSeal laryngeal mask airway 556

prostaglandin(s)

cerebral ischemia 247

kidney ischemia–reperfusion 306–7

reperfusion during resuscitation 55

prostaglandin I2 (prostacyclin)

analog in high-altitude illness 1131

induced hypothermia effects 864

proteases in apoptosis 861

brain 861

myocardium 833

protein dephosphorylation, reversible 90–1

protein kinase(s)

cascade 91

pro-survival 96

protein kinase C� (PKC�) 93–4

protein phosphorylation, reversible 90–1

protein separation techniques 80, 81

protein synthesis

cerebral ischemia 248–56

downregulation of rate 252

energy requirement 249

reperfusion 248–56

suppression in reperfused brain 248–9, 251

mechanisms 255–6

proteins, phenotype function 83

proteomics 70, 71

heart tissue 82–3

membrane channels 83

plasma 83–4

serum studies 83–4

strategies 79–80, 81, 82

sudden cardiac death 79–80, 81, 82–4, 85, 86

protons

antiporters 240

source in ischemia 239

see also hydrogen ion; sarcolemmal Na�–H� exchange

proto-oncogenes, brain 259–60

P-selectin 168, 169
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P-selectin glycoprotein ligand 1 (PSGL-1) 169

pseudo-pulseless electrical activity 438–9, 725–6

psychological care, cardiac arrest survivors 1251

psychological effects of survival 1249

psychotropic drugs, Brugada-like ECG patterns induced by 928

public access defibrillation (PAD) 477, 483, 484, 496–505, 774–5,

810

clinical perspectives 498–9

cost-effectiveness 490

economics 1213, 1215, 1216–18, 1223

Europe 499–503

four levels of responders 497

historical perspectives 496–7

trial 483, 499

USA 496–8

see also lay public

public access defibrillators 1213, 1215, 1216–18

public disclosure 217

levels 222–3

standardization 219

template 220–3

public guardians 1236

pulmonary artery

hypertension at high-altitude 1120

chronic unrelated to altitude 1131

young adults/children 1124

pressure changes in CPR 354–5

unilateral absence in adolescents at high altitude 1123

pulmonary artery catheter monitoring 319

pulmonary embolism 983–4

amniotic fluid 984, 1108

anesthesia 1051

pulseless electrical activity 440

thromboembolism 732–3, 982–3

high-altitude 1126

thrombolytics 858–9

pulmonary non-vascular tissue see lung(s)

pulmonary system

intestinal ischemia–reperfusion 303

liver ischemia–reperfusion 305

see also edema, pulmonary

pulmonary vasculature

hypoxic vasoconstriction 507

resistance 517–20

pulse

palpation 699–700

pregnancy 1077

pulse oximetry 705, 812

pulseless cardiac arrest 947–8

pulseless electrical activity (PEA) 395, 426–42, 445, 669

age of patients 427

animal models 433–4

aortic pressure 437, 439

ATP 435

autonomic nervous system 435

calcium role 434

cardiac pacing 441

causes 439–40, 726–7

reversible 727, 729–33

classification 426, 437

clinical spectrum 427

coronary perfusion pressure 436

drug-induced 436

ECG characteristics 426, 436–8

end-tidal CO2 monitoring 707

epinephrine effects 438, 441

feedback loop 432–3

hospital discharge rates 445

hypothermia 435–6

hypoxia 435

incidence 426–7, 725

intracellular pH 434–5

ischemia 434

mechanical causes 440

metabolic derangements 434–8

correction 440–1

normotensive 439

pathophysiology 434–8

postdefibrillation 426, 440, 727

pseudo 438–9, 725–6

subsets 727

successful resuscitation rates 427

survival chance 445

therapy 440–1

true 438–9, 725–6

pulselessness, asphyxia progressing to 974–5

pump, cardiopulmonary bypass 604–5

pump, chest compression 327–9

abdominal pressure 333–4

aortic dimensions 329

cardiac dimensions 329–30

determination 329–30, 331, 332–3, 341

mitral valve motion 330, 331, 332

modifiers 333–4, 335, 336

optimizing 339, 340

pupillary (light) reflex testing 888–9, 891

Purkinje network, arrhythmia initiation 109

pyrexia see fever

pyroptosis 56

QR duration 437

QRS duration

averaged 116

pulseless electrical activity 437

QRS interval

Brugada syndrome 930

pulseless electrical activity 436, 438–9, 726, 727, 728

QT interval

hypertrophic cardiomyopathy 1159

pulseless electrical activity 436
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QT interval (cont.)

shortened 926, 1171, 1174–5

torsades de pointes 403, 404

see also long QT syndrome; short QT syndrome

quality assurance model 1273

quality of life

after cardiac arrest 1251

postresuscitation care to restore 775–6

quality-adjusted life year (QALY) 1214–15

cost per 1217, 1218, 1219, 1223

quinidine

Brugada syndrome 1173

short QT syndrome 1175

racial factors 34

survival of cardiac arrest 38

radiofrequency ablation

Brugada syndrome 1173

right ventricular outflow tract tachycardia 1176

radiograph, chest in pulmonary edema 1121

radiology see imaging; specific modalities

random errors 182, 185–6

randomization 209–10

randomized controlled trials (RCTs) 209–10

patient inclusion criteria 210–11

rapid response systems, prearrest 782–4

rate of cardiac arrest 33

reactive oxygen species (ROS) see free radicals

receiver operating characteristics (ROC) analysis 420, 422

recovery of spontaneous circulation (ROSC) 397

coronary perfusion pressure 356–7, 380

coronary perfusion pressure predictive value 377

defibrillation outcome prediction Plate 21.4

level of consciousness assessment 1203

number of chest compressions/minute 380

probability 423, Plate 21.5

reperfusion 52

recovery position 531

red blood cells

blood gas transport 510

S-nitrothiols 999, 1005

redox status of mitochondria 714

redox-mediated intracellular stress responses 52–4

Reece, Richard 14

re-entry

mechanisms 112

reperfusion arrhythmias 289

reflexes, brainstem/cranial nerve

bedside testing 888–90

brain death determination 897–8

regional and local anesthesia, arrest 1048–9, 1057–8

allergy to anesthetic 1051

outside operating room 1060

pregnant women 1082

treatment 1063

registries 29

clinical studies 208–9

regulation 21 CFR 50.24 217, 219

relative error 182

remote areas

anesthesia-associated risk of arrest 1060

high-altitude illness

treatment 1129–31

trekking 1125–6

renal hemodialysis 318

renal tract see kidney

renin 136, 138

aldosterone dissociation 147

critical illness response 147, 149

renin–angiotensin–aldosterone system 136–7

critical illness response 146–7

reperfusion 52

ACTH dysregulation 140

arrhythmias associated with 831

cellular regulatory systems 259–60

cerebral circulation 242–3

eIFs 252–3

energy metabolism 239

extravascular resistance 397

free fatty acid production 247

GH levels 141

invasive techniques 600–13

lipid peroxidation 247–8

membrane damage 246–8

myocardial infarction 33

neuronal calcium ion homeostasis 244

pathophysiology 139

pH restoration 397

protein synthesis 248–56

translation 255–6

see also cerebral reperfusion

reperfusion arrhythmias 288–91

animal models 288

clinical relevance 291

comorbid conditions 290

drug administration 290–1

early after depolarizations 289, 290

humans 288

mechanisms 289–90

re-entry 289

reperfusion injury 282–93, 820, 821, 860

cerebral 757–8, 863

clinical settings 282–3

cytokines 163–7

myocardial stunning 283–8

myonecrosis 291–2

prevention 283

reduced blood flow 310

reperfusion arrhythmias 288–91

sodium ions 397
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treatment 283

triggers of sequelae 172

see also myocardial stunning

repolarization, dispersion 113

rescue, drowning victim 1091–2

rescue breathing 523–9, 531–3

for children 532–3, 948

by lay public/bystander 520–3

risk of doing harm 752–3

rescue teams, in-hospital 785–6

rescuer/responder

drowning victims 1091

performance 39

shock to 475, 799–800, 813

see also first responder

research

clinical methodology 206–15

consent 216–25

educational 1268–9

ethics 220–1

exceptions for consent 217, 218

laboratory methodology 179–204

non-approved drugs/devices 220

number of studies 219

on recently dead 1205–6

risk stratification 220–1, 222, 223

resonant frequency 184–5

respiration

accidental hypothermia effects 1015

anesthesia-associated events causing arrest 1050

drowning victim care/monitoring 1095

high-altitude adaptation 1119–20

inspiratory and expiratory phase in rescuer ventilation 521

see also breathing; rescue breathing; ventilation

respiratory acidosis, cardiac effects 680

respiratory arrest, lightning strike 1139

respiratory chain, postresuscitation myocardial dysfunction 833,

834

respiratory failure, asphyxia in 978–9

respiratory impedance threshold device see impedance threshold

device

respiratory infection see pneumonia

respiratory insufficiency, pulseless electrical activity 439

respiratory system

circulatory system interactions 515

pregnant women 1077–8

responder see first responder; rescuer/responder

ResQPUMPR[O] 738

resting membrane potential, depolarized ischemic cells 109

resuscitation

abandoning attempt 1204–5

acid–base changes 675–7

algorithms 1283, 1284, 1285, 1286

asphyxial cardiac arrest 976

cerebral 907

clinical research methodology 206–15

consensus development 1278–85, 1286

consent for research 216–25

consultation 1201–2

coronary perfusion pressure 679–81

myocardial acidosis and resuscitability 679–81

outcome correlation 377–8

decision-making 1203, 1204–5

ethical 1201

electrical shock 1142–5

emergency in trauma 995–6

ethics 1201–2

evidence-based medicine 1281–2

family presence 1205–6

futility 1202–3

guideline development 1278–85, 1286

high-altitude illness 1129–31

informing of decision 1204

laboratory research methodology 179–204

myocardial acidosis and resuscitability 679–81

neurological status prognosis 1203

outcome correlation with coronary perfusion pressure

377–8

performance quality 1284

pregnant women 1078–85

prehospital 17–19

research on recently dead 1207–8

successful 118, 1201

in PEA 427

sinoatrial activity 436–7

witnessing of cardiac arrest 37

thoracic compression 187–94

three phases 466

training 1258–73

on recently dead 1207

withdrawal of treatment 1205, 1240

withholding 1202–4

see also cardiopulmonary resuscitation; drowning; fluid

management/resuscitation; hypothermia

(induced/therapeutic), postresuscitation; in-hospital

resuscitation/care; monitoring; on-site (field/out-of-

hospital/prehospital) resuscitation; percutaneous

coronary intervention; postresuscitation entries; safety

considerations; thrombolysis

reticular endothelium system 304–5

rewarming

from accidental hypothermia 732, 1020, 1021–23

decision-making 1019

drowning victim 1019, 1096

from induced hypothermia 859, 866

rib fractures

active compression–decompression 794

gender/age factors and location 795

open-chest CPR 794

ribonucleoprotein complexes (mRNPs) 250
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right atrial pressure

measurement 373

rise after cardiac arrest 359

spontaneous gasping 364

ventricular volumes 361, 362

right ventricle, constraint 357–9, 360, 361

right ventricular dysplasia, arrhythmogenic 451

right ventricular end diastolic pressure (RVEDP) 357

right ventricular volume 361, 362

risk factors for cardiac arrest 31–6

genetic 32

social/socioeconomic 32, 37

risk stratification

research 220–1, 222, 223

sudden cardiac death

Brugada syndrome 927–8

catecholaminergic polymorphic ventricular tachycardia 930

ECG in hypertrophic cardiomyopathy 1159

long QT syndrome 925

tools 452–5

Romano–Ward syndrome 922, 1172

Rose, Leonard 20–1

rubber latex allergy 1106

ryanodine receptor 77

type 2 mutations 1161

arrhythmogenic right ventricular cardiomyopathy 1161

catecholaminergic polymorphic ventricular tachycardia

929–30, 1174, 1176

S-100/S-100B protein 871, 895

drowning victim 1098

induced hypothermia 895

Safar, Peter 9–10, 11–12, 848

safety considerations

anesthesia 1046, 1063, 1064

minimal safety standards 1062

induced hypothermia 865–72

lay responders 1262

resuscitation 792–808, 813–14

chest compressions 576, 577, 792–6

thrombolytics 760–1

see also defibrillation, safety considerations

saline

diluent in endotracheal drug administration 622–3

hypertonic 684

salmeterol in high-altitude illness 1131

sample size for clinical studies 211

sample variance 185

sampling schemes, clinical research 208

SAPK kinase kinases, activation 93

SAPK kinases, activation 93

SAPK1 91–2

cascade 93

SAPK2 91, 92

cascade 92, 93

SAPK3 91, 92

SAPK4 91, 92

SAPK5 92

sarcolemmal Na�–H� exchange 837–8

sarcomeres 427, 428, 429

sarcomeric proteins in hypertrophic cardiomyopathy 1154, 1157

sarcoplasmic reticulum 428

Scheele, Carl 7

SCN5A sodium channel gene 115

mutation

Brugada syndrome 927, 1173

long QT syndrome 923, 925, 1172

scorpion stings 1104

screening of athletes 1183–5, 1188

Italy 1152, 1183–4, 1185

Seattle study, cardiopulmonary resuscitation before or after

defibrillation 465, 467

sedation and sedatives 905

arrest risk 1055–6, 1061

seizures see epileptic activity/seizures/convulsions

selectins 168, 169

self-adhesive defibrillator pads 796

spark prevention 801

self-autonomy 1226

self-determination, right to 1231

sensor–subject interaction 181

sepsis, postresuscitation 823

sepsis syndrome 52

septic shock

BNP levels 148

catecholamines 145–6

erythropoietin levels 149

ET-1 147

leptin plasma concentration 143

vasopressin levels 142–3

serum markers in neurologic outcome prediction 797, 821,

870–1, 895, 896

serum studies

depletion 84, 85

protein dynamic range 84

proteomics 83–4

sex see gender

Sharpey-Schafer, Edward 8

shaving of chest hair before defibrillation 472, 797

shivering in induced hypothermia 869

shock, accidental electrical see electrical shock

shock, circulatory 698

definition 698

excessive adverse ventilation during 516

postresuscitation cardiogenic 910

difference from primary cardiogenic shock 909

see also anaphylaxis/anaphylactic shock; hemorrhagic shock;

septic shock

shock, defibrillator 117

number and risk of myocardial damage 836
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repeated 473

to rescuer/responder 475, 799–800, 813

short QT syndrome 75, 926, 1171, 1174–5

genetic basis 76

Sialyl Lewisx moiety 169

sick sinus syndrome 75–6, 1177

genetic defects 76

sickle cell trait and high-altitude pulmonary edema 1123

SIDS see sudden infant death syndrome

signal averaged electrocardiogram (SEACG) 116

sildenafil in high-altitude illness 1131

Silvester, Henry 8

simulation training 1264, 1265, 1266–7

debriefing 1266–7, 1268

feedback 1266–7

single nucleotide polymorphisms (SNPs) 78–9, 398

proteomics 80

single-use devices see disposable/single-use devices

sinoatrial activity, successful resuscitation 436–7

sinoatrial node, proteomics 82–3

sinus node disease, genetic loci 75

sinus node failure 233

skeletal injury with chest compression 792

detection methods 795

manual compression 793

mechanical compression 794

skeletal muscle damage in defibrillation 797

skiing 1125

skills

frequency of use 1261–2

retention 1261–2

in-hospital personnel 785

skin

burns risk with defibrillators 796–7

transcutaneous capnometry (PtcCO2) 711, 712

small heat shock proteins hsp25/27 92

smoking in coronary disease prevention 456

Snow, John 1043

social risk factors 32

survival 37

societal attitudes to aging 959–60

socioeconomic impact of cardiovascular screening of athletes

1185

socioeconomic risk factors 32

survival 37

sodium bicarbonate see bicarbonate; Carbicarb

sodium ion(s)

blood level 685

brain concentration 238, 240

calcium transport 432

myocardial stunning 286

neuronal influx 243

reperfusion arrhythmias 289

reperfusion injury 397

transport 432

sodium ion channel(s)

ventricular fibrillation 103–4

see also SCN5A sodium channel gene

sodium ion channel blockers 118

class I antiarrhythmics 667

poisoning 1031–2

sodium ion–hydrogen ion exchange, sarcolemmal 837–8

soft tissue

injury in manual chest compression 793

obstruction of airway in coma 975

see also organ(s)

sojourners at high-altitude, child/young adults 1123–4

somatosensory evoked potentials 821, 871–2, 892, 893,

896–7

sparks from defibrillators 476, 800

prevention 801

spinal anesthesia see neuraxial anesthesia

spinal cord ligation 390

spine see cervical spine

spiral wave re-entry 102

splanchnic circulation 298

vasoconstrictor agents 300

visceral organ ischemia 318

splicing

alternative 250

cerebral ischemia 249–50

spores, anaphylaxis 1105–6

sporting activity see athletes/sports participants;

exercise/exertion

spreading depression-like depolarizations 865

SQT mutations and short QT syndrome 1173

ST depression in myocardial bridging 1165

ST elevation

Brugada syndrome 926, 927, 1173

commotio cordis 1179, 1180, 1181

ST elevation myocardial infarction

coronary angiography following resuscitation 765

current management strategies 764

percutaneous coronary intervention following resuscitation

765–6

standard deviation of sample 185

standard error of estimation of the mean 186

standard operating procedures (SOPs) and anesthesia-associated

arrest prevention 1065–6

stare decisis 1227

Starling’s law of the heart 431

statins 35

status asthmaticus 972, 980–1

status epilepticus 977

myoclonus prognostic value 895–6

non-convulsive and induced hypothermia 865

stellate ganglion resection 116

stenting, coronary in myocardial bridging 1166

sterilizing agents, anaphylactic reactions 1107–8

sternal approach, left to intracardiac injection 625–6
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sternal compression force measurement 187

definitions 188–90

sternal compression in children, circumferential vs focal 949

sternal fracture with chest compression

gender/age factors and location 795

manual chest compression 793

mechanical chest compression 794

steroids

abuse of anabolic 1182

toxicity of cardioactive 1035–6

see also 21-aminosteroids; corticosteroids

Sterz, Fritz 848

stimulant (CNS) overdose 1030–1

stings, allergy 1104, 1106

stomach see gastric entries

streptokinase

in-hospital 758–9

out-of-hospital 760

stress

definition 128

emotional in cardiac arrest survival 1251

lay responder risk 1262

redox-mediated intracellular responses 52–4

stress-activated protein kinases (SAPKs) 90–3

ischemia/reperfusion effects 92

mediators of activation 92–3

myocardial death induction 93

stretch-activated channels in commotio cordis 1181

stroke, high-altitude 1126–7

stroke volume 347

spontaneous gasping 364

stunning see myocardial stunning

stupor, asphyxia risk 976–7

subclavian vein, drug injection 618

subdiaphragmatic (abdominal) thrust 522–3, 976

sublingual capnometry (PslCO2) 711, 712

sublingual drug administration 626–7, 629

submersion see drowning

substance abuse 33, 1030–1, 1032–3

athletes 1181–82

substance P 139, 140

subxiphoid approach to intracardiac injection 625

succinylcholine 1055

suction devices

active compression–decompression 527, 587

airway clearing 534

sudden cardiac death

acute causes 230

association studies 78–9

athletes 231, Plate 65.13

cardiac ion channel disease genetics 70–8

causation 229–31

children 813

devastating family impact 937, 1098–9

coronary artery fibrous plaque Plate 65.21

coronary heart disease 27–8

cost-effectiveness analysis 1213–16

definition 26–7, 449

dilated cardiomyopathy 105

early recognition out-of hospital 773–4

economics of treatment 1212–24

elderly people from myocardial infarction 959

electrical shock 1139

electrophysiology of 921–2

epidemiology 26–40, 229–31, 668

data 28–30

in home 484

incidence 28–30

survival 28–30

etiology/cause 229–33, 449–52, 668–9, 811

athletes 1150–86

children 813

rare 811

search for by EMS personnel 775–6

genetic factors 106

genomics 78–9

incidence 231

linkage studies 78

myocardial infarction 33, 105

neurological causes 229–30

pathophysiology 231–3, 668

prevention in at-risk patients 811, 921–36

proteomics 79–80, 81, 82–4, 85, 86

risk stratification

Brugada syndrome 927–8

catecholaminergic polymorphic ventricular tachycardia

930

ECG in hypertrophic cardiomyopathy 1159

long QT syndrome 925

tools 452–5

speed of onset 1212

structural heart disease 104–6

subacute causes 230

survival rate 1224

survivors 1219–20

susceptibility loci 79

therapy 447–815

thrombotic occlusion Plate 65.20

trauma 230

ventricular hypertrophy 105

see also athletes/sports participants; pregnancy, arrest/sudden

death risk

sudden infant death syndrome (SIDS) 230–1

air travel and 1128

high-altitude residency 1124

sudden non-cardiac death, athletes 1152

sudden unexplained nocturnal death syndrome see Brugada

syndrome

suicide by drowning 1088

superiority trials 210
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superoxide 53–4

ischemia effect on production 246

superoxide dismutase

intestinal ischemia–reperfusion 302

myocardial stunning 286–7

supraglottic airway devices 553–9

supraventricular arrhythmias

antiarrhythmics 672

defibrillation 475

surface cooling method 850, 854–5

surfactant therapy, drowning victim 1097

survival 36–7, 747–8

behavioral change 1252–3

cognitive change 1252–3

cognitive effects 1251

definition 747

elderly patients to hospital discharge 963–4

European Resuscitation Council 772

long-term emotional effects 1251–2

long-term psychological/cognitive effects 1251

memory impairment 1252–3

prehospital post-traumatic CPR 992–3

psychological care 1253

quality of life after cardiac arrest 1251

risk factors 37–9

sudden cardiac death 1219–20, 1224

see also death

survival studies 747–8

chest compression 575–6

experimental studies 574

interposed abdominal compression 578–9

suspended animation 872–4

Sweden, in-hospital first responders 785

sympathetic nervous system

arrhythmia generation 109

pulseless electrical activity 435

sympathetic nervous system block/inhibition

hemorrhage-induced 997, 998

spinal anesthesia-induced causing bradycardic arrest

1056–8

syndrome X (metabolic syndrome) 811

systematic errors 182

systematic reviews 210

vasopressin 408

systemic disorders, postresuscitation 823

systemic inflammation, reperfusion period 139

systemic inflammatory response 163, 164

postresuscitation 820, 831–2

systemic inflammatory response syndrome 166, 171

visceral organ ischemia 313–14

systemic toxicity of local anesthetics 1057

systemic vascular resistance in pregnancy 1077

systolic dysfunction

myocardial stunning 283

postresuscitation 831

T waves in long QT syndrome 923, 1171

tachycardias/tachyarrhymias

hypertrophic cardiomyopathy 1157

long QT syndrome 926

see also ventricular tachycardia/tachyarrhythmia

Tapai’s syndrome 803

teams

emergency medical services 1203, 1204

in-hospital

education in anesthesia-associated arrest prevention 1062–4

Medical Emergency Teams 783–4, 813

rescue 785–6

telephone instructions 21

temperature

blood 868

core

accidental hypothermia 1017–18

induced hypothermia 854, 858–9

pediatric management 954

probes in cardiopulmonary bypass 605

see also brain, temperature; hyperthermia; hypothermia

temporo-parietal junction dysfunction, near-death experience

1247–8

tenecteplase 410, 759

tension pneumothorax 731–2, 982–3

anesthesia-related 1051

drowning victim 1097

non-fibrillatory arrest in 731–2

pulseless electrical activity 440

terminal illness 1237

testes, critical illness response 147

testosterone, critical illness response 147

THAM see TribonatR[O]; tromethamine

theophylline poisoning 1031–2

therapeutic privilege exception to informed consent 1233–4

therapeutic window, definition 216

therapies see resuscitation; treatment; specific treatment methods

and conditions

thermal injury risk with defibrillators 796–7

thoracic compression see chest compression

thoracic pump theory 352, 354

thoracic vest, circumferential see vest CPR

thoracostomy for pleural drainage

asthma 981, 982

tension pneumothorax 983

thoracotomy, resuscitative 731

thorax see chest

thrombi, microscopic 864

thromboembolism see pulmonary embolism

thrombolysis 757–63, 770, 812–13

clinical studies 758–60

mechanism of action 757–8

pathophysiological background to use 758

postresuscitation 822

safety 760–1
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Thrombolysis in Cardiac Arrest (TROICA) trial 761

thrombolytic therapy 35, 36

pharmacology 410–11

thrombosis

coronary in athletes and young adults 1165–6

occlusive Plate 65.20

risk in air travel 1124

see also pulmonary embolism

thromboxane A2

induced hypothermia 864

kidney ischemia–reperfusion 306–7

thumpversion see precordial thump

thyroid gland 133–4

critical illness response 144–5

thyroid-stimulating hormone (TSH) 144

thyrotropin 133

thyroxine (T4) 133

critical illness response 144

tibia, intraosseous drug administration 619

tidal volume 517–20

in upper airway obstruction 524, 525

time

buying (out-of-hospital) 774

elapsed from cardiac arrest 811

defibrillation 475, 830

risk of doing harm 792

Timothy syndrome 73–4, 922, 1169, 1170

tissue plasminogen activator (tPA), recombinant

in-hospital 759

drowning victim 1095

out-of-hospital 760

tissue-specific monitoring 711–14

postresuscitation 718

toddlers see infants and toddlers

toluene abuse 1030, 1031

tongue, airway obstruction 523, 550

torsades de pointes (TdP) 113, 403

drug-induced 452

long QT syndrome 924, 1172

magnesium sulfate 410

QT interval 403, 404

Tossach, William 5

toxin removal techniques, experimental studies 818–19

see also poisoning

trachea

Combitube placement in 557

rupture in tracheal intubation 803

tracheal drug administration 400, 621–5, 629

advantages 621

children 623, 951–2

diluent 622–3

historical review 615

intravenous comparisons 626

method of application 621–2

physiology 621

tracheal intubation 5–6, 559–63, 802–3

aids 560–1

alternative ventilation methods following successful intubation

534–5

children 813

vs bag–mask ventilation 559–60

complications/deleterious effects 554, 560, 802–3

early intubation 753–4

confirming correct tube placement 561

drowning victim

in hospital 1095

prehospital 1093

pregnant women 1080–1

securing tube 562

status asthmaticus 981

tracheotomy complications 804

training see education and training

transcriptional stress response 54–5

transcriptomics 71

transcutaneous procedures/route

capnometry (PtcCO2) of skin 711, 712

cardiac pacing 739

drug patches and defibrillator-associated risks 476, 801

transducers, smart 184

transesophageal defibrillation 474

transesophageal echo (TEE), cardiac output measurement 202

transfemoral balloon catheter aortic occlusion 392

transferrin 247

transformer voltage 201

transforming growth factor � (TGF-�) 167

transfusion, anaphylactic reactions 1107

translation initiation complex 251–3

transmucosal drug absorption see mucosal route

transport ventilators 535

transported automatic external defibrillators 484–5

transthoracic defibrillation see defibrillation

transthoracic impedance 471–2, 473, 700

hairy chest 472, 797

traumatic injury

asphyxia due to 977–8

brain 516, 977

with chest compression 792–6

manual 576, 579, 794

mechanical 585–6

CPR 994–5, 998–9

research on improving outcome 995–8

mountain environment 1131

sudden cardiac death 230

see also burns, electrical; electrical shock; hemorrhagic shock

travelers to high-altitude, child/young adults 1123–4

treatment

early access 36–7

intervals 39

rapid 36–7

successful for survival 36–7
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see also resuscitation; specific treatment methods and

conditions

trekking (high-altitude) 1125–6

triage, electrical shock victims 1143

TribonatR[O] (sodium bicarbonate/THAM/phosphate/acetate

mixture) 684, 687–8

tricyclic antidepressant toxicity 1033–4

buffer therapy 688–9

trigeminal (5th cranial) nerve testing 889

triglycerides, serum levels 34

tri-iodothyronine (T3) 133

critical illness response 144

triple airway maneuver 530, 974, 975

foreign body 976

Tris buffer see TribonatR[O]; tromethamine

trisomy 21, high-altitude pulmonary edema 1123

trochlear (4th cranial) nerve testing 889

TROICA (Thrombolysis in Cardiac Arrest trial) 761

tromethamine (THAM; Tris buffer) 687

see also TribonatR[O]

troponin 428, 430, 435

troponin I 798

tumor necrosis factor � (TNF-�) 54, 164–5

inflammatory response 171

myocardial dysfunction 166–7, 172

systemic inflammatory response syndrome 313

tumor necrosis factor receptor (TNFR) superfamily 59–60

tyrosine autophosphorylation 262, 263

tyrosine kinase activation 262, 263

U-74389G 840

ultrasound

monitoring in CPR 710

see also echocardiography

ultrasound Doppler

flow meters 202

myocardial bridging 1166

unfolded protein response 94

PERK 255

United Kingdom (UK)

ambulance services 502, 503

public access defibrillation 499, 500–3

United States (USA)

athletes’ sudden death 1151

elder persons’ visits to emergency department 958

in-hospital rescue team 785

public access defibrillation 496–9

sudden cardiac arrests per year 921

United States Constitution 1231

Universal Cardiac Arrest Algorithm 1283, 1284

urine oxygen tension (PO2) 319

urokinase 759

urticaria 1108

uterus, gravid 1077

chest compression and 1079

incision for cesarean section 1080–1

Utstein-style reporting of in-hospital cardiac arrests in children

938, 939

V1 receptors 132

V2 receptors 133

vaccination, anaphylactic reactions 1107

vagal (10th cranial nerve) reflexes

arrest in anesthesia relating to 1052

testing 889–90

vagal tone, pulseless electrical activity 441

validity, external/internal 206–7

Valsalva’s sinus, coronary artery origin 1063, 1163

valvular heart disease 1168–70

vascular access see cannulation

vascular capacitance, total 348

vascular collapse see cardiovascular system

vascular failure in anesthesia 1050

vascular injury, reperfusion-related 291–2

vascular load optimization 340–1

vascular permeability, brain 862–3

vascular resistance

peripheral in hemorrhage 997

pulmonary 517–20

systemic in pregnancy 1077

vasoactive drugs, pediatric 954–5

see also vasodilator therapy; vasopressor therapy

vasoactive intestinal peptide (VIP) 139, 150

vasoactive mediators and induced hypothermia 864

vasoconstriction, hypoxic pulmonary 507

vasoconstrictor agents

hemorrhage-associated arrest 997

splanchnic circulation 300

vasodilatation

hemorrhagic shock 998

therapeutic reversal 998–9

paradoxical to vasopressin 132

vasodilator therapy, postresuscitation 910

vasointestinal peptide (VIP) 139

vasopressin 132–3, 647–59, 671, 735–6, 811, 837

adverse effects 837

animal models 407–8

calcium channel blocker and beta-blocker overdose 1030

cardiac arrest

efficacy 407–8

treatment 390–1

clinical studies 408

coronary perfusion pressure 383

CPR 649–59, 811, 837

administration during 308, 309, 310, 383, 390–1

adrenergic vasopressors compared to 642

animal studies 649–50

blood flow 308, 309

children 953

clinical studies 651–5
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vasopressin (cont.)

CPR (cont.)

endobronchial 624

limitations 658–60

pulseless electrical activity 735–6

critical illness response 142–3

endogenous concentrations 407

hemorrhagic shock 658–9, 663, 1005

animal studies 996–7

intestinal ischemia–reperfusion 299

meta-analyses 408

osmoregulation function 407

oxygen impairment in visceral organ ischemia 316

pharmacology 406–8, 648–9

physiology 647–8

receptors 406, 648–9

serum levels 133

systematic review 408

visceral organ ischemia 318

see also epinephrine

vasopressin analog, oral transmucosal 627

vasopressor agents 405–8

ROSC 397

vasopressor effects

catecholamines 513–15

end-tidal CO2 536, 707

vasopressin 648–9

vasopressor therapy 639–66, 811, 837

adrenergic 639–46

adverse effects 734, 837

children 953–4

non-adrenergic 647–66

poisoning 1028

calcium channel blocker and beta-blocker overdose

1030

inhalant abuse 1033

see also named vasopressors; vasoconstrictor agents

vasospasm, coronary 1168

vasovagal attacks vs anaphylaxis 1104

velocity meters 199–200

venoms see stings

venous acidosis, central 685–6

venous blood gas monitoring in CPR 710

mixed 710, 910

see also central venous blood gas monitoring

venous cannulation/catheterization

cardiopulmonary bypass 606–7

drug administration 629

central 618–19

endotracheal route compared 626

historical review 614–15

peripheral 615–18

vasopressin animal study 649, 651

electrical injury 1144

large-volume ice-cold intravenous fluid 855–6

venous capacitance 348

venous cardiac pacing 739

venous return, continuous positive airway pressure effects 517

venous temperature probes, cardiopulmonary bypass 605

venous thrombosis risk in air travel 1124

ventilation, assisted/artificial 515–19, 802–5, 810, 904

adjunctive devices 528–9

aero-medical transport 1129

anaphylactic shock 985

anesthesia failure or deficiency causing arrest 1050

asthma severe acute crises 981

bellows method 4, 5–6

cardiocerebral resuscitation 752

children 526, 948

complications 802–5

current standards 528–9

deleterious effects of by EMS personnel 753–4

demotion as a priority intervention 810

drowning victim 1092, 1093, 1095

gasping/agonal 528, 753

hemodynamic effects 361–2

high-altitude illness 1130

high-frequency 527

history 4, 5–9, 506

hypoxia 729–30

monitoring 535–8

postresuscitation 904

pregnant women 1078

resuscitation outcome 517–18

simultaneous compression 586–7

techniques 520–9

trauma and associated hemorrhagic shock 996–7

see also hyperventilation; named modalities; positive pressure

ventilation

ventilation/perfusion ratio

anesthesia-associated mismatch causing arrest 1050

low-flow states 508

ventricles see left ventricular entries; right ventricular entries

ventricular assist devices 609

ventricular cardiomyopathy, arrhythmogenic right 1159–61

ventricular dysrhythmias

Marfan syndrome 1170

theophylline-induced 1032

ventricular ejection fraction see ejection fraction

ventricular fibrillation 14–15

action potential duration 103

amiodarone treatment 669–70

amplitude analysis 420–1

spectrum 422

antiarrhythmic drugs 106

arrhythmogenic right ventricular cardiomyopathy 1161

cardiac blood flow changes 350

cardiomyopathy 110–13

carotid flow 350, 353

commotio cordis 1180, 1181
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conduction heterogeneity 103

coronary flow 350–2, 353

defibrillation Plate 21.2

success 423

diuretics 105–6

duration estimation of untreated 466–7

ECG 102, 104

electrolyte disturbance 105–6

electrophysiology 101–18

genetic factors 106

hemodynamic changes 348, 349–50

hypothermia-associated

accidental 1018, 1019, 1020

induced 866–7

hypotheses 102

idiopathic 1177–8

incidence 725

initiation 102

inward rectifier potassium current 104

ion channels 103–4

ischemia 106–10

lidocaine use 670

magnesium intravenous therapy 670

maintenance 102

metabolic disturbance 105–6

mobile coronary care unit 18–19

myocardial stunning 285

myocardial substrate 106

modulation 105

neurologic injury comparison 973–4

normal heart 113–14

pathogenesis 109–10

pediatric 488–9

out-of-hospital 942–3

possible underestimated frequency 486

postshock reinitiation 114

power 422

prevention 115–16

public access defibrillation in England 501, 502

Purkinje network 109

recurrence risk 116

reperfusion-induced 107

repolarization 103

short QT syndrome 1174

spiral wave breakup 109

theophylline-induced 1032

therapy 115

three (resuscitation) phases following 466, 748

trigger identification/ablation 116

vasopressin use 651–2, 654, 655

ventilation effects 511–13

see also defibrillation; waveforms, ventricular

ventricular hypertrophy, sudden cardiac death 105, 

449–50

ventricular outflow tract tachycardia, right 1176

ventricular preload, excessive assisted ventilation impairing

515–16

ventricular septal myotomy–myectomy 1159

ventricular tachycardia/tachyarrhythmia 109

amiodarone 669

arrhythmogenic right ventricular cardiomyopathy 1161

athletes and medicolegal implications 1187

magnesium (intravenous) 670

pediatric 943

public access defibrillation in England 501, 502

re-entrant 233

right ventricular outflow tract origin 1176

short QT syndrome 1174

see also catecholaminergic polymorphic ventricular

tachycardia (CPVT)

ventricular waveforms see waveforms

verbal response in Glasgow coma scale, postresuscitation patient

888

Vesalius, Andreas 4

Vesalius technique 5–6

vest CPR 332, 336, 342, 381–2, 591–3

non-fibrillatory cardiac arrest 738–9

vestibulocochlear (8th cranial) nerve testing 889

vestibulo-ocular response 889

viral myocarditis 1178

virtual electrode polarization hypothesis 117

visceral organ ischemia–reperfusion 298–320

antioxidant therapies 314, 315

CPR 308–10

damage from cardiac arrest 310–13

extracorporeal therapy 318

free radical injury prevention 314–15

gastrointestinal intramucosal pH monitoring 319–20

gut decontamination 318

hemodilution 317–18

hormonal response alteration 318

hyperbaric oxygen therapy 317

hypothermia 317

inflammatory mediator injury prevention 314–15

intra-aortic balloon pumping 317

monitoring 319

multisystem organ dysfunction 313–14

neural–humoral response alteration 318

organ systems 298–307

oxygen delivery/consumption 315–16, 317

pulmonary artery catheter monitoring 319

systemic inflammatory response syndrome 313–14

treatment 314

volatile anesthetics in status asthmaticus 979

volatile substance abuse 1032–3

Volta, Alessandro 13

vomit aspiration by drowning victim 1092–3

water

brain concentration 238
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water (cont.)

diluent in endotracheal drug administration 623

drowning victim

aspiration of water 1090–1

rescue and basic life support 1091–2

water bath system, cardiopulmonary bypass 605

waveforms, ventricular 715–17

amplitude 420–1

analysis 417–24, 715–17

chaos theory 419

data

acquisition/preprocessing 417–18

description 420, 422

structuring 419–20

defibrillation 473–5, 715–16

myocardial damage risk 836

pediatric 487

fibrillation 471, 715–17

filtering techniques 417–18

Fourier transforms 419–20

fractal dimension 419

frequency representation 419–20

frequency/spectral analysis 421–2

non-linear dynamics 419, 422–3

predictive value 417–24

scaling exponent method 423

signal amplitude behavior 419

time–frequency domain techniques 418–19

time–frequency representation 419–20

wavelet transforms 420, 421, 422

see also biphasic (truncated exponential) waveforms for

defibrillation; monophasic (damped sinusoidal)

waveforms for defibrillation

wedges, resuscitation in pregnancy 1079, 1080

withdrawal of care 896–7

decision-making 788–9

witnessing of cardiac arrest, survival 37

Wolff–Parkinson–White syndrome 930–3, 1175

women, defibrillator electrodes 473

World Congress on Drowning (2002), Brain Resuscitation Task

Force 1095, 1097

wound dressings, procoagulant-impregnated 999

wound infection and induced hypothermia 869

written directions 1202, 1229–30

xanthine oxidase 53–4

intestinal ischemia–reperfusion 300–1

kidney ischemia–reperfusion 306

liver ischemia–reperfusion 304

xanthine oxidase inhibitors in hemorrhagic shock 1003

X-ray, chest, pulmonary edema 1121

young adults see adolescents and young adults

Zoll, Paul 16–17

Zoll medical systems automated external defibrillators 487
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